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ABSTRACT 
A review has been ir.ade of the development of the neon f l a s h 
tube, from i t s i n t r o d u c t i o n by Conversi i n 1955, up t o the present day. 
P a r t i c u l a r a t t e n t i o n i s paid t o the problems which arose 
from attempts t o use f l a s h tube a r r a y s on a c c e l e r a t o r experiments; 
namely the long s e n s i t i v e and recovery tiroes of the tubes, and the 
l o s s of e f f i c i e n c y a t high event r a t e s , caused by i n t e r n a l c l e a r i n g 
f i e l d s . 
The problems a r i s i n g from attempts t o describe a n a l y t i c a l l y 
the f l a s h tube discharge mechanism are also discussed. 
An i n v e s t i g a t i o n o f the decay mechanism o f the i n t e r n a l 
c l e a r i n g f i e l d s has been made, which i n d i c a t e d t h a t the e f f e c t rnay be 
overcome by decreasing the surface r e s i s t a n c e of the outer w a l l of the 
f l a s h tube. 
A d e s c r i p t i o n of a gamma ray d e t e c t o r , u t i l i s i n g f l a s h tubes 
as the d e t e c t i n g elements, interspersed, w i t h l e a d absorber, i s 
inc l u d e d . The energy and s p a t i a l r e s o l u t i o n s are found t o compare 
favourably w i t h those o f more complex and expensive d e t e c t o r s . The 
problems a r i s i n g from the use of t h i s d e t e c t o r i n the e + t e s t beam at 
the Daresbury Laboratory are discussed. 
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CHAPTEN 1 
THE DEVELOPMENT AND USES OF FLASH TUBES 
1.1 I n t r o d u c t i o n 
The f l a s h tube was i n t r o d u c e d by Conversi and Gozzini ( 1 ) , 
and since.then has changed very l i t t l e . The f l a s h tube i s a 
t r i g g e r a b l e device,- i n the same cla s s of d e t e c t o r s as the spark 
chamber, r e q u i r i n g an a u x i l i a r y d e t e c t o r t o r e g i s t e r the passage of 
an i o n i s i n g p a r t i c l e , a f t e r v/hich the f l a s h tube can be t r i g g e r e d . A. 
t y p i c a l f l a s h tube c o n s i s t s of a sealed soda glass tube, 0.5 - 2cm. i n 
diameter, up to several metres i n l e n g t h , f i l l e d w i t h a 70.^ neon, 30.'; 
helium m i x t u r e , a t a pressure of 200 t o r r t o j> atmospheres, depending 
on the diameter of the tube. 
1.2 A Ty p i c a l detector 
A t y p i c a l d e t e c t o r c o n s i s t s of a nuraber of f l a s h tubes 
placed adjacent t o each other i n a plane, sandwiched between two 
metal e l e c t r o d e s . Each tube i s e i t h e r p a i n t e d , or sleeved i n t h i n 
P.V.3. t u b i n g t o prevent photons from one di s c h a r g i n g tube causing 
an adjacent tube t o i g n i t e . I t i s usual f o r the d e t e c t o r t o co n s i s t 
of many such planes, the tube a x i s being orthogonal i n a l t e r n a t e 
planes, t o provide X, Y coordinates of the p a r t i c l e . T r i g g e r i n g 
counters, u s u a l l y of p l a s t i c s c i n t i l l a t o r , are placed e i t h e r side of 
the f i n a l e l e c t r o d e s , t o detect the passage of an i o n i s i n g p a r t i c l e 
through the a r r a y . A coincidence from the t r i g g e r i n g counters f i r e s a 
spark gap or hydrogen t h y r a t r o n , by aeans of which an im p u l s i v e 
e l e c t r i c f i e l d i s applied•across the tubes. 
A t y p i c a l f i e l d i s of the order of 5 KV/cm and 5 niicrosec. 
d u r a t i o n . Under t h i s e l e c t r i c f i e l d the i o n i s a t i o n l e f t i n the path o 
the p a r t i c l e w i l l avalanche, causing the tube to discharge by a 
combination o f Townsend and Streamer mechanisms. Under t y p i c a l K .7. 
pulse c o n d i t i o n s the discharge w i l l propagate down the l e n g t h o f the 
tube causing the whole tube t o l i g h t up, . i n d i c a t i n g the passage of an 
i o n i s i n g p a r t i c l e through the tube. 
1.5 Peadout Mechanism 
The most common forms of readout f o r f l a s h tubes u t i l i s e 
e i t h e r photographic methods or e x t e r n a l probes. 
The l i g h t output of a f l a s h tube l i e s i n the yel l o w - r e d 
r e g i o n of the spectrum, and given t h a t the tube i s op e r a t i n g under 
optimum c o n d i t i o n s the v a r i a t i o n of i n t e n s i t y i s about 5% ( •2-)- The 
arrangement f o r photographic readout i s very s i m i l a r t o t h a t used i n 
o p t i c a l spark chambers, using m i r r o r s t o equalise the path l e n g t h s 
and reduce the angle subtended a t the camera. The f l a s h tube dees not 
s u f f e r from the depth of focus problems o f the spark chamber, since 
the discharge f i l l s the v/hole l e n g t h of the tube. 
The e x t e r n a l probe method, developed by Ayre and Thompson 
("5), u t i l i s e s the c a p a c i t a t i v e c o u p l i n g between the plasma of the 
discharging gas, and a small e l e c t r i c a l l y conducting probe, placed 
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against the window a t the end of the f l a s r i tube. The probe i s 
connected t o ground by a r e s i s t o r , and depending on the'value o f t h i s 
r e s i s t o r , s i g n a l s of 1 t o several hundred v o l t s can be obtained. Thus 
CAMAC compatible s i g n a l s can e a s i l y be obtained ( ^ _ ) , enabling l a r g e 
amounts of data t o be handled c o n v e n i e n t l y by o n - l i n e computer 
techniques. 
P h o t o m u l t i p l i e r s have a l s o been used t o output data from 
f l a s h tubes. The magnitude of the output from the p h o t o n m l t i p l i e r i s 
r e l a t e d t o the number of tubes i g n i t i n g . T his method has a p p l i c a t i o n s 
i n extensive a i r shower s t u d i e s { °\ ) , where the number of tubes 
i g n i t i n g i s p r o p o r t i o n a l t o the energy deposited i n the a r r a y . 
l.h Basic C h a r a c t e r i s t i c s of Flash Tubes 
Figures ( I ) t o ( 4. ) show the e f f e c t on the e f f i c i e n c y of 
va r y i n g the magnitude, l e n g t h , r i s e t i m e and delay of the h i g h v o l t a g e 
pulse a p p l i e d t o tubes of 1.6 cm i n t e r n a l diameter f i l l e d w i t h 70fo Ne, 
30fo He. The e f f i c i e n c y shown i n .each case i s the " i n t e r n a l e f f i c i e n c y " ; 
t h i s i s the p r o b a b i l i t y of a tube l i g h t i n g up i f a p a r t i c l e has 
passed through i t s gasfeous volume, and-is almost lCO-s under optimum 
op e r a t i n g c o n d i t i o n s . Another expression of the e f f i c i e n c y used i s the 
" l a y s r e f f i c i e n c y " ; t h i s i s always l e s s than the i n t e r n a l e f f i c i e n c y 
and i s r e l a t e d t o i t by the r a t i o of the i n t e r n a l and e x t e r n a l 
diameters of the tubes. 
As expected, f i g . ( I ) shows the e f f i c i e n c y t o r i s e w i t h 
r i s i n g f i e l d s t r e n g t h . Fig. (2.) shows the e f f e c t of pulse l e n g t h . Two 
types of pulse are u s u a l l y used, a square pulse from a delay l i n e or 
an e x p o n e n t i a l l y decaying pulse, formed by di s c h a r g i n g a c a p a c i t o r 
through a r e s i s t o r . Kolroyd ( 5 ) found t h a t f o r short pulses (approx. 
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0.4 microsec) l a r g e f i e l d s had t o be a p p l i e d t o o b t a i n even a f a i n t 
discharge, however f o r l a r g e r pulses (appro:. 4.0 microsec) the tubes 
performed c o r r e c t l y . Figure ( 3 ) shows the e f f e c t of the pulse 
r i s e t i m e . A slowly r i s i n g pulse w i l l sweep charge t o the w a l l s of the 
tube without i n i t i a t i n g a discharge. E i s e t i a e s of up t o 200 nsec. are 
u s u a l l y acceptable, depending on the width of the tube. Figure ( i ^ j 
shows the e f f e c t of v a r y i n g the delay between the passage of the 
p a r t i c l e and the a p p l i c a t i o n of the high v o l t a g e pulse. I t can be seen 
t h a t f o r long delays the charges are l o s t from the gas, e i t h e r t o the 
w a l l s , or by recombination, thus l o w e r i n g the e f f i c i e n c y of the tube. 
Two other important p r o p e r t i e s of f l a s h tubes are the 
s e n s i t i v e time and the recovery time. These determine the r a t e a t ' 
which f l a s h tubes can operate. 
The s e n s i t i v e time i s d e f i n e d as the time a f t e r the passage 
of an i o n i s i n g p a r t i c l e f o r the d e t e c t i n g e f f i c i e n c y t o f a l l t o 5G:L 
The sensitive- time of standard tubes i s about 100 microsec. Reduction 
of t h i s time r e q u i r e s removal of the f r e e e l e c t r o n s i n the gas. This 
can be achieved by a d d i t i o n of e l e c t r o n e g a t i v e gases (If.) such as 
0_, CC-, 5Fr etc. t o absorb the f r e e e l e c t r o n s . A l t e r n a t i v e l y a s s a l l 2 c. o 
a l t e r n a t i n g f i e l d ( t I G V, 50 Hz) ( 4-) w i l l remove f r e e e l e c t r o n s i n a 
few nsec. By these means the s e n s i t i v e time has been reduced t o about 
1.0 microsec. (see f i g u r e (^ ) ) 
The recovery time i s d e f i n e d as the t i n e a f t e r the passage 
of an i o n i s i n g p a r t i c l e f o r the r e i g n i t i o n p r o b a b i l i t y t o f a l l t o 
50%. The recovery time of a standard f l a s h tube i s r a r e l y b e t t e r than 
300 icsec; since the time r e q u i r e d by one e l e c t r o n t o d i f f u s e t o the 
w a l l s of the tube i s only a few m i l l i s e c o n d s , a secondary e l e c t r o n 
production process i s i n d i c a t e d . This w i l l be discussed l a t e r . The 
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recovery time has r e c e n t l y been reduced by the a d d i t i o n of small 
q u a n t i t i e s of molecular gas (4-), such as CI-I^, t o about 0.6 msec. 
(see f i g u r e (& ) ) . 
1.3 Use of Plash Tubes i n Cosmic Pay Experiments 
There are many f e a t u r e s about f l a s h tubes which s u i t them 
t o s t u d i e s of cosmic rays, the most important being: 
1) Flash tubes are simple, r e l a t i v e l y r o b u s t , are r e l i a b l e 
over long periods of time, do not r e q u i r e constant a t t e n t i o n , operate 
s a t i s f a c t o r i l y over a wide range of temperatures and pressures, and 
do not r e q u i r e a constant supply of gas. They are a p p a r e n t l y 
u n a f f e c t e d by magnetic f i e l d s , although no p o s i t i v e data i s a v a i l a b l e 
t o confirm t h i s . 
2) The tubes are r e l a t i v e l y inexpensive, the cost per tube 
being independent of l e n g t h . Large a r r a y s can be constructed and t h e i r 
geometry a l t e r e d t o s u i t v a r i o u s requirements. 
3) A wide range of readout i s a v a i l a b l e , i n c l u d i n g a simple, 
inexpensive d i g i t i z a t i o n system a l l o w i n g o n - l i n e operation and 
e l e c t r o n i c d e c i s i o n making. 
4) The tubes operate e f f i c i e n t l y under a wide range of pulse 
parameters ( i e . low f i e l d s , r e l a t i v e l y slow r i s e t i m e s , long pulse 
l e n g t h s ) , e l e c t r i c a l i n t e r f e r e n c e w i t h other apparatus can be kept t o 
a minimum under these c o n d i t i o n s . 
5) Good m u l t i t r a c k e f f i c i e n c y , since each f l a s h tube i s a 
separate u n i t , u n a ffected by the presence of neighbouring f l a s h tubes. 
Reasonable s p a t i a l r e s o l u t i o n depending on the tube w i d t h . 3-D t r a c k 
r e c o n s t r u c t i o n and the a b i l i t y t o o f f e r a degree of energy r e s o l u t i o n . 
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Cosmic ray experiments u s i n g f l a s h tubes can be broadly 
d i v i d e d i n t o two s e c t i o n s : 
A) Those u s i n g f l a s h tubes p r i m a r i l y a s t r a c k d e f i n i n g 
d e v i c e s , eg.: 
Magnetic Spectrometers: An example of t h i s i s the'MARS 
^ - - - •- — -
experiment ( & ) , w h i c h momentum a n a l y s e s p a r t i c l e s of energy up to 
5.8 TeV/c, u s i n g a 300 ton magnet, with an i n t e g r a l Bdl of 8 x 10^ 
gauss/cm. The readout system i s of the e l e c t r o n i c probe type. 
Neutrino S t u d i e s : The C a s e - V / i t t s - I r v i n e experiment ( 7 ) i s 
the l a r g e s t of t h i s type, c o n t a i n i n g 50,000 2 M x 1.9 cm. tubes, 
s i t u a t e d 2 m i l e s underground. A s i m i l a r experiment was c a r r i e d out a t 
the K o l a r gold mines i n I n d i a ( 8 ) . 
E x t e n s i v e A i r Showers (HAS): The f l a s h tube's high ' 
multi-track e f f i c i e n c y , and a b i l i t y to cover l a r g e a r e a s , make i t very 
s u i t a b l e to EAS s t u d i e s . The l a r g e s t d e t e c t o r of SAS i s at K i e l .( <1 ) , 
the main hodoscope being 31 M , c o n t a i n i n g 180,000 f l a s h tubes, each 
1 cm i n diameter Y f i t h an approximately s p h e r i c a l i n n e r volume, f i l l e d 
w ith neon at 600 t o r r . The events a r e recorded p h o t o g r a p h i c a l l y . 
B) Experiments i n which one or more of the f l a s h tube 
parameters a r e v a r i e d to provide i n f o r m a t i o n about p a r t i c u l a r 
p r o p e r t i e s ( i e . charge, mass)'of a p a r t i c l e , eg.: 
Search f o r Heavy Primary Cosmic Hays: A b a l l o o n borne 
experiment (10) has u t i l i s e d the f a c t t h a t i o n i s a t i o n d e n s i t i e s 
produced by r e l a t i v i s t i c p a r t i c l e s p a s s i n g through a gas i s 
p r o p o r t i o n a l to Z . As the delay i n the a p p l i c a t i o n of the.high v o l t a g e 
p u l s e i s i n c r e a s e d , then only p a r t i c l e s with an. i n c r e a s i n g l y h i g h e r . 
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atomic number w i l l be d e t e c t e d with 100/b e i T f i c i e n c y . 
Quark Searches: Ashton et a l . (M ) u s e the sane concept to 
s e a r c h f o r f r a c t i o n a l l y charged quarks. Quarks should have a s m a l l e r 
d e t e c t i n g e f f i c i e n c y oy/ing to t h e i r f r a c t i o n a l charge, thus f o r long 
d e l a y s a s i n g l e quark t r a c k vd.ll cause l e s s t a b e s to i g n i t e along i t s 
l e n g t h than a u n i t a r i l y charged p a r t i c l e . 
Energy L o s s Measurements: Diggerty e t a l . (12) have shown 
t h a t energy l o s s by p a r t i c l e s of equal momenta depends on the mass of 
the p a r t i c l e . S t u d i e s of protons and muons i n t h e range 0.1 to 10 
GeV/c with a delay of 50 to 80 microsec a p p l i e d to the f l a s h tubes, 
have produced d i s t i n c t c u r v e s f o r protons and suons, thus a l l o w i n g 
d i s c r i m i n a t i o n between p a r t i c l e s of equal momenta. 
1.6 Use of F l a s h Tubes on A c c e l e r a t o r Experiments 
I t i s with the a p p l i c a t i o n of f l a s h t a b e s t o a c c e l e r a t o r 
experiments t h a t t h e i r major disadvantages become apparent, namely 
the long s e n s i t i v e and r e c o v e r y times. The spark chamber, which made 
i t s appearance s h o r t l y a f t e r the f l a s h tube, was found to have b e t t e r 
s e n s i t i v e and r e c o v e r y times and was g e n e r a l l y a c c e p t e d f o r .. 
a c c e l e r a t o r experiments, d e s p i t e i t s g r e a t e r c o s t , complexity and 
l e s s v e r s a t i l i t y . The advent of the MvVPC and o t h e r w i r e chambers 
placed f l a s h tubes f u r t h e r into, the background a s a s u i t a b l e d e t e c t o r 
f o r beamline experiments. 
Work by Holroyd ( 5 ) and Chaney (4) a a s reduced the 
s e n s i t i v e and recovery times s u f f i c i e n t l y f o r f l a s h tubes to be 
c o n s i d e r e d s u i t a b l e f o r operation i n the high background and r a t e s 
found on a c c e l e r a t o r s . 
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1.6.1 Reduction o f S e n s i t i v e Time 
The s e n s i t i v e time may be reduced from 100 microsec. t o a 
few inicrosec. by the a d d i t i o n of e l e c t r o n e g a t i v e gases such as 
CO^, CCl^, SO2 o r ^ a s ^he highest capture cross s e c t i o n f o r 
thermal e l e c t r o n s , and the a d d i t i o n o f as l i t t l e as 1 x 10~So w i l l 
reduce the s e n s i t i v e time t o 2 microsec. (13). 
Another method i s t o apply an a l t e r n a t i n g square wave 
e l e c t r i c f i e l d across the tube t o sweep out the f r e e e l e c t r o n s ( 4 ) . 
The frequency o f the a p p l i e d f i e l d must be h i g h enough t o change 
p o l a r i t y before the charges deposited on the w a l l s have time t o move 
round the w a l l , and thereby back o f f the a p p l i e d f i e l d (as happened 
w i t h attempts t o use a D.C. c l e a r i n g f i e l d ( 5 ) ) . 
Applied f i e l d s as small as 10 V/cia. reduce the s e n s i t i v e 
time t o approximately 2 microsec. Of the two methods described, the 
second i s p r e f e r a b l e since i t a l l o w s a wider range o f o p e r a t i n g 
c o n d i t i o n s , whereas the sealed "doped" tubes w i l l only p r o v i d e one 
value, o f s e n s i t i v e time. 
1.6.2 Reduction of Recovery Time. 
I t v/ould be thought t h a t the recovery time could be reduced 
by the same method as the s e n s i t i v e t i m e , however, experiments have 
shown ( 4 ) t h a t the recovery time ( o f the order of 1 sec. or more i n 
normal Ne-He tubes) was reduced by a f a c t o r of o n l y 2, by the 
a p p l i c a t i o n of a 200 V/cm. c l e a r i n g f i e l d . This i s i n disagreement 
w i t h the theory ('4) which p r e d i c t s t h a t a l l charge should be removed 
by the c l e a r i n g f i e l d i n approximately yQ microsec. This i n d i c a t e s 
t h a t a secondary e l e c t r o n production i s talcing place. 
As yet no complete explanation o f t h i s e f f e c t has been 
found, but experiments i n d i c a t e ( 5 ) t h a t the induced c l e a r i n g f i e l d s 
caused by charges deposited on the glass are o f s u f f i c i e n t s t r e n g t h 
t o cause l o c a l i s e d Tovmsend avalanches, producing photons and 
e l e c t r o n s . These photons, i n c i d e n t on the g l a s s , produce more 
secondary e l e c t r o n s , which i n t u r n avalanche. T h i s process w i l l 
continue u n t i l . , the induced f i e l d s have decayed t o a value which w i l l 
not support a-Tovmsend avalanche. Another p o s s i b l e e x p l a n a t i o n of the 
l o n g recoveTy time could be d e - e x c i t a t i o n of metastable atoms,'however 
the . l i f e t i m e o f a e t a s t a b l e s i n neon (IS) i s two orders of magnitude 
too s m a l l , and could not be e n t i r e l y r e s p o n s i b l e f o r the long recovery 
times observed. 
Chaney ( 4. ) found t h a t by the a d d i t i o n of 2.% CH^ t o the gas, 
the recovery time v.'as reduced t o 0.6 msec. Other molecular gases (K^, 
CO^, 0^, C2^6' ^Af^lO^ a^- s 0 reduced the recovery t i m e , but CK^ v;as 
chosen'because of i t s a v a i l a b i l i t y and cheapness. The a d d i t i o n of up 
t o 2% CH^ had no i l l e f f e c t s on the other p r o p e r t i e s o f the f l a s h 
tube. 
No s a t i s f a c t o r y e x p l a n a t i o n has yet been found - f o r the way 
i n which the molecular gases reduce the recovery time, but i t i s 
thought t h a t because o f i t s broad a b s o r p t i o n spectrum, the molecular 
gases are able t o absorb the photons r e s p o n s i b l e f o r p r o d u c t i o n of 
the secondary e l e c t r o n s . 
No value f o r . t h e l i f e t i m e o f CH^ i n f l a s h tubes has yet 
been found. I t i s expected t h a t the CH^ molecule w i l l e v e n t u a l l y be 
broken down by the a c t i o n o f the discharge, n e c e s s i t a t i n g the 
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r e f i l l i n g o f the tubes. However, tubes pulsed 10 times showed no 
increase i n recovery t i m e . 
(10) 
1.6»3 Rate E f f e c t s 
Although the s e n s i t i v e and recovery times have been reduced 
t o acceptable values, a f u r t h e r problem a r i s e s when f l a s h tubes are 
operated a t h i g h r a t e s . 
The problem i s seen as a dropping o f f o f e f f i c i e n c y , as the 
r a t e i s increased. This i s due t o the high e l e c t r i c f i e l d s produced 
by charges being deposited on the w a l l s of the tube. Unless these 
charges, can be removed (by conduction over the surface o f the tube) 
before the next discharge, then the f i e l d w i l l continue t o increase 
u n t i l . an e q u i l i b r i u m i s reached. The b u i l d u p o f these f i e l d s can be 
reduced by: 
1) Reducing the H.T. pulse l e n g t h , thereby sweeping l e s s 
charge t o the w a l l s . 
2) I n c r e a s i n g the surface c o n d u c t i v i t y of the g l a s s , thereby 
a l l o w i n g the charges t o decay away more'rapidly. 
3) Seducing the H.T. pulse h e i g h t . (Since the e f f e c t i v e 
f i e l d i s l e s s than the a p p l i e d f i e l d due t o the reverse d i r e c t i o n of 
the induced f i e l d , any r e d u c t i o n o f the H.T. pulse w i l l probably 
r e s u l t i n l o s s o f e f f i c i e n c y . ) 
k) deducing t o a minimum the delay between the passage o f . 
the p a r t i c l e and the a p p l i c a t i o n of the h i g h v o l t a g e pulse, so t h a t 
t h e r e i s l e s s chance of the i o n i s a t i o n due t o the p a r t i c l e being 
swept away by the. induced f i e l d s . (Probably very d i f f i c u l t , s i n c e , i n . 
the extreme case of h i g h r a t e , the the induced f i e l d i s of a 
s u f f i c i e n t magnitude t o sv/eep out the m a j o r i t y of f r e e charges i n 
l e s s than 200 n s e c , and the tubes - v i l l not f l a s h a t a l l . ( 5)) 
These induced charges a l s o manifest themselves- i n the. form 
of weaker discharges (caused by the backing o f f o f the H.T. p u l s e ) , 
(11) 
and by an increase i n the r a t e of spurious f l a s h i n g (caused by 
l o c a l i s e d Townsend discharges i n i t i a t e d by the l a r g e f i e l d s ) . 
The problem of the induced f i e l d s w i l l be f u r t h e r ' d i s c u s s e d 
i n chapter 3. 
1.7 Some Flash Tube Arrays used on A c c e l e r a t o r s 
Work has been c a r i e d out by Breare et a l . (f£) using 
conventional f l a s h tubes, made of Jena 16B low r e s i s t a n c e g l a s s , 0.5 
cm i n i n t e r n a l diameter, 50 cm l o n g , f i l l e d w i t h Ne ( 7 0 % ) , He (30?5) 
+ 1% CH^. These tubes were arranged i n 12 planes or modules, each 
module c o n t a i n i n g ok tubes, arranged i n two orthogonal sets o f 32, t o 
provide X and Y coordinates. Sheets of l e a d , up.to 1 .8 r a d i a t i o n 
l e n g t h s t h i c k were placed between each module t o generate showers i n 
the a r r a y when i t was placed i n a monochromatic p o s i t r o n beam, o f 
energy 0 .5 t o 3.5 GeV/c. Using t h i s setup, a mean s p a t i a l r e s o l u t i o n 
o f 1 3.8 mm., and energy r e s o l u t i o n of Wb% was achieved. The 
problems a r i s i n g from t h i s experiment w i l l be discussed i n d e t a i l i n 
chapter 5. 
The e f f e c t of.induced f i e l d s a t h i g h r a t e s was also observed 
i t was found t h a t a t 30 events/sec. the e f f i c i e n c y dropped t o k0%, 
however, the chamber d i d not have the optimum H.T. parameters f o r 
ope r a t i n g a t these high r a t e s . 
Conversi et a l . ('7) have conducted a number of experiments 
using p l a s t i c . f l a s h tubes. The advantages of using p l a s t i c i n s t e a d o f 
gl a s s are t h a t the lower surface r e s i s t a n c e s a v a i l a b l e help remove 
induced c l e a r i n g f i e l d s , and t h a t the low Z f o r p l a s t i c m a t e r i a l s 
helps reduce coulomb s c a t t e r i n g , a l l o w i n g work w i t h lower energy 
p a r t i c l e s . 
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The problems a r i s i n g from using p l a s t i c s are t h a t because 
o f i t s r e l a t i v e l y porous n a t u r e , a sealed tube cannot be used, als o 
outgassing would poison the gas o f a sealed tube causing the 
c h a r a c t e r i s t i c s of each tube t o d i f f e r w idely. Thus the tubes r e q u i r e 
a constant gas f l o w through them. 
Conversi found no v a r i a t i o n i n the s e n s i t i v e time of h i s 
tubes' when the r a t e was changed from 0.2 t o 2.0 e v e n t s / s e c , and 
c i t e s t h i s as evidence t h a t no c l e a r i n g f i e l d s were being b u i l t up. 
No r e d u c t i o n i n s e n s i t i v e time was observed when a 50 Hz c l e a r i n g 
f i e l d was a p p l i e d , however, the s e n s i t i v e time was increased as the 
gas f l o w was increased. This seems t o i n d i c a t e t h a t i n p l a s t i c f l a s h 
tubes e l e c t r o n s caused by the i o n i s i n g p a r t i c l e are l o s t t o 
i m p u r i t i e s emanating from the w a l l s r a t h e r than by d i f f u s i o n t o the 
w a l l s as i n glass f l a s h tubes. 
An a r r a y of p l a s t i c f l a s h tubes has been designed t o f i t 
around one of the i n t e r s e c t i o n s of the 1.5 GeV/c e l e c t r o n - p o s i t r o n 
storage r i n g a t F r a s c a t i . As yet no r e s u l t s of these t e s t s are known, 
although f u r t h e r work i s a t present being conducted by Conversi a t 
CERN. 
1.3 Conclusion 
I t i s seen t h a t f l a s h tubes have enjoyed considerable 
sucess i n t h e i r use i n cosmic ray s t u d i e s , and the problems a r i s i n g 
from t h e i r a p p l i c a t i o n t o a c c e l e r a t o r experiments have been w e l l 
d e f i n e d , and i n many cases s o l u t i o n s found by previous workers. A 
deeper understanding of the mechanisms of these problems and t h e i r 
s o l u t i o n s W i l l be achieved by f i t t i n g a q u a n t i t a t i v e d e s c r i p t i o n t o 
them. Attempts t o do t h i s are covered i n the next chapter. 
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CHAPTER 2 
/ 
/ 
/ 
THE DISCHARGE MECHANISMS 
•2.1 The Discharge 
I n t h i s chapter a q u a l i t a t i v e d e s c r i p t i o n of the f l a s h 
tube discharge mechanisms w i l l be given, f o l l o w e d by an account o f 
attempts t o f i t a q u a n t i t a t i v e d e s c r i p t i o n t o the discharge. 
The.basic discharge process i s w e l l understood, however i n 
p r a c t i c e t here a r i s e many problems, as discussed i n chapter 1, which 
make the task o f a complete q u a n t i t a t i v e d e s c r i p t i o n very complex. As 
yet no a n a l y t i c a l theory e x i s t s which completely describes the 
discharge mechanism. 
2.1.1 The P r o b a b i l i t y of a Discharge Occuring 
For a discharge t o occur when the h i g h v o l t a g e pulse i s 
a p p l i e d i t i s neccesary f o r f r e e e l e c t r o n s t o e x i s t i n the gas. 
When a p a r t i c l e passes 'through a gas i t w i l l deposit some 
o f i t s energy i n the gas. Taking a t y p i c a l gas d e n s i t y o f 1 mg/cm^,. 
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and an energy l o s s by the p a r t i c l e i n the gas o f 2 MeV/gm.cm , then 
the p a r t i c l e w i l l deposit approximately 2 KeV i n t r a v e r s i n g a f l a s h 
tube. 
The energy w i l l be d i s t r i b u t e d i n the gas i n v a r i o u s ways, 
but the m a j o r i t y w i l l be i n the form o f e l e c t r o n i c e x c i t a t i o n , 
i n c l u d i n g metastable p r o d u c t i o n , and i n i o n i s a t i o n . E x c i t e d atoms 
produce resonant and non-resonant photons. Resonant photons can be 
neglected since these proceed slowly through the gas (approximately 
10 cm/sec.) being absorbed and r e - e m i t t e d , and since the high 
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v o l t a g e pulse i s a p p l i e d f o r approximately 10 sec. these can have 
l i t t l e e f f e c t on the discharge. 
Non-resonant photons proceed s t r a i g h t t o the w a l l s , where 
they are absorbed and may' produce p h o t o e l e c t r o n s . These p h o t o e l e c t r o n s 
w i l l be seen t o be important t o the propagation of the discharge 
down the tube. 
Metastable atoms decay w i t h the emission of resonant photons, 
however, i n the presence of very small q u a n t i t i e s of argon the 
metastables are de-excited by i o n i s i n g the argon atom (Penning 
e f f e c t ) , producing a fr e e e l e c t r o n . 
Of t he i o n i s e d components produced, the p o s i t i v e i o n s w i l l 
p l a y no p a r t since they move so s l o w l y , unless they are w i t h i n a few 
angstroms distance of the w a l l , where they may produce secondary 
e l e c t r o n s by v i r t u e of t h e i r p o t e n t i a l . e n e r g y (1 ). 
Assuming i t r e q u i r e s 36.3 ©V t o produce an i o n p a i r i n 
neon, and t h a t f o r muons i n the momentum range 1 .5 GeV/c t o 10C0 
GeV/c, the mean energy l o s s i s 1220 eV/cm., then i t can be expected 
t h a t approximately 33.6 i o n pairs/cm/atmosphere w i l l be produced i n 
neon by a cosmic ray muon (2. ) . 
During the time between the p r o d u c t i o n of the primary 
e l e c t r o n s and the a p p l i c a t i o n of the h i g h v o l t a g e pulse, t h e r e are 
a number of ways i n which an e l e c t r o n may be l o s t from the gas, the 
most important being: 
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1) Movement t o the w a l l s e i t h e r by d i f f u s i o n or by d r i f t 
under the e f f e c t of an e l e c t r i c f i e l d . 
2) Attachment t o e l e c t r o n e g a t i v e i m p u r i t i e s , eg. oxygen 
molecules. These i m p u r i t i e s may have been d e l i b e r a t e l y added t o 
reduce the s e n s i t i v e and recovery times. 
Of those e l e c t r o n s remaining i n the gas, only those which 
are a s u f f i c i e n t distance from the v/alls t o a l l o w the formation of 
a Townsend avalanche, w i l l take p a r t i n the discharge. 
2.2 The Discharge 
There are two mechanisms i n v o l v e d i n the f l a s h tube discharge, 
the Townsend mechanism and streamer f o r m a t i o n . The extent t o which 
each mechanism c o n t r i b u t e s t o the breakdown depends p r i n c i p a l l y on 
the gas pressure, the magnitude of the a p p l i e d f i e l d and the diameter 
of the tube. The Townsend mechanism predominates i n low pressure 
tubes ( 1 atm. and l e s s ) and w i l l occur a t f i e l d s t r e n g t h s as low as 
1 KV/cm. Streamer breakdown r e q u i r e s much higher f i e l d s , i n order t o 
produce the l a r g e q u a n t i t i e s o f charge necessary f o r t h e i r f o r m a t i o n . 
I n p r a c t i c e , when a tube discharges, i t does so, u s u a l l y , by both 
Townsend avalanche and streamer f o r m a t i o n . 
2.2.1 Discharge by 'Townsend Mechanism. 
The Townsend mechanism r e q u i r e s only one e l e c t r o n t o be 
present i n the gas, a t a distance ^ the f o r m a t i v e distance from the 
w a l l , t o i n i t i a t e an avalanche. The fo r m a t i v e distance w i l l depend 
on the gas pressure and composition and on the magnitude of the 
a p p l i e d f i e l d . I t has been found ( 3 ) t h a t f o r tubes of 1.6 cm. 
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i n t e r n a l diameter, f i l l e d w i t h 98% Ne and 2% He a t 600 t o r r , using a 
k KV/cm. f i e l d , t h a t a f o r m a t i v e distance of 0.75 cm. gave a good 
f i t o f the experimental p o i n t s t o the theory. 
With the a p p l i c a t i o n of the e l e c t r i c f i e l d , the e l e c t r o n 
i s a c c e l e r a t e d t o the p o s i t i v e e l e c t r o d e . I n doing so i t gains energy, 
which i s then l o s t by c o l l i s i o n s w i t h gas atoms. The energy imparted 
t o the atom may be s u f f i c i e n t t o i o n i s e i t and produce f u r t h e r 
e l e c t r o n s . Ey t h i s method the avalanche grows, the number o f e l e c t r o n s 
produced i n a distance x, being given by the Townsend equation 
n = n Qexp(o(x) 
where n = number of i n i t i a l e l e c t r o n s o 
1 s t 
OL = Townsend s 1 i o n i s a t i o n c o e f f i c i e n t . 
I t can be seen from f i g u r e ( 4 ) t h a t the h i g h e r the a p p l i e d 
f i e l d the more r a p i d l y the avalanche b u i l d s up. 
The discharge w i l l cross the tube i n . t i m e s of t y p i c a l l y 
50 nsec. Once the e l e c t r o n s reach the w a l l they are e f f e c t i v e l y l o s t 
from the gas, and the discharge w i l l cease, unless the i n i t i a l 
avalanche produces secondary avalanches. This i s most l i k e l y t o be 
caused by photons from the i o n i s a t i o n process s t r i k i n g the glass w a l l s 
and causing photoemission. The p h o t o e l e c t r i c y i e l d o f glass i s 0.01 
and assuming t h a t the number of photons produced i n the i n i t i a l 
avalanche must be a t l e a s t the number of i o n p a i r s produced, then 
t h e r e should be a copious supply of secondary e l e c t r o n s t o maintain 
the discharge. Figure ( 8 ) i l l u s t r a t e s t h i s process, and i t i s by 
t h i s process t h a t the discharge propagates down t h e l e n g t h of the 
FIGURE 8 DISCHARGE WITHOUT PRODUCTION OF 
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8 tube. The r a t e o f propagation has been measured as 6 .7-x 10 cm/sec. 
( 5 ) i n tubes f i l l e d w i t h Ne-He a t 3 atm. 
2.2.2 Discharge w i t h Streamer Production. 
The formation o f streamers r e q u i r e s very h i g h e l e c t r i c 
f i e l d s . These f i e l d s are produced by separation of the two charge 
/ • 
components, a c c e n t u a t i n g the f i e l d a t the head and t a i l o f the 
avalanche. The Raether c r i t e r i o n f o r streamer formation r e q u i r e s t h a t 
the r a d i a l f i e l d produced by charge separation should be of 
approximately the same magnitude as the a p p l i e d f i e l d , and f o r t h i s 
g 
t o be so r e q u i r e s the produc t i o n o f approximately 10 e l e c t r o n s i n 
the i n i t i a l avalanche. To produce t h i s number from a s i n g l e e l e c t r o n 
i n a 1 cm. i n t e r n a l diameter tube f i l l e d a t 600 t o r r , r e q u i r e s an 
e x t e r n a l f i e l d o f 5.5 KV/cm. However, t h i s i s an o v e r - e s t i m a t i o n ; 
since an i o n i s i n g p a r t i c l e produces approximately 30 e l e c t r o n s , the 
avalanche w i l l be i n i t i a t e d by more than one e l e c t r o n . This has been 
born®out by experiment ( 6 ) . Another mechanism producing secondary 
e l e c t r o n s and thereby l o w e r i n g the f i e l d necessary f o r the p r o d u c t i o n 
o f streamers, i n the Penning e f f e c t , whereby neon.atoms can be 
i o n i s e d by e x c i t e d helium atoms. ( 
Figure ( *?) shows a schematic diagram f o r streamer 
p r o d u c t i o n . As w i t h the Townsend mechanism, the discharge i s 
propagated along the tube by photo-production o f secondary e l e c t r o n s . 
The. speed o f propagation has been measured f o r 1.6 cm. i n t e r n a l 
diameter tubes f i l l e d w i t h Ne-He a t 600 t o r r , and found t o be 
3.6 x 10 8 cm/sec. ( 5 ). 
•tfhen viev/ed from the side a tube undergoing a,Townsend 
discharge w i l l be f i l l e d completely w i t h a d i f f u s e glow, the 
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i n d i v i d u a l avalanches being i n d i s t i n g u i s h a b l e . However, i n a tube 
which i s d i s c h a r g i n g w i t h the production of streamers, i n d i v i d u a l 
streamers are c l e a r l y v i s i b l e . The. d i s t i n c t spacing i s caused by the 
d i s t o r t i o n o f the e l e c t r i c f i e l d i n the r e g i o n of a p a r t i c u l a r 
streamer p r e v e n t i n g the p r o d u c t i o n of a streamer close by. Hampson 
and Rastin ( 6 ) have found the average spacing t o be 0.45 cm., which 
i s i n agreement w i t h theory. 
2.3 Termination of Discharge 
The discharge w i l l t e r m i n a t e when t h e amount of charge 
deposited on the w a l l s i s s u f f i c i e n t t o produce a reverse f i e l d 
which lo.wers the e f f e c t i v e f i e l d t o a p o i n t where discharges can- no 
longer be maintained. 
I n order t o back o f f a 10 KV f i e l d a p p l i e d t o a f l a s h tube 
o f 5 pF capacitance, approximately 4 x 1 0 ^ e l e c t r o n s must be 
deposited on the w a l l s of the tube. T h i s estimate i s confirmed by 
the o b servation t h a t some 10""" photons are produced i n a discharge 
( 7)-Bearing i n mind t h a t , t h e number of photons produced i s i n excess 
of the number of i o n p a i r s produced ( 8 ) , then the agreement i s 
good. 
Studies of the l i g h t outputs from f l a s h tubes have shown 
t h a t the d u r a t i o n of the discharge i s p r o p o r t i o n a l t o the l e n g t h of 
the tube, and l a s t s f o r about the same amount o f time i t takes f o r 
the discharge t o propagate down the l e n g t h of the tube, even though 
the H.T. pulse i s a p p l i e d f o r much longer. This i n d i c a t e s t h a t the 
discharge i s s e l f quenching. Figures ( ' 0 ) and (//) i l l u s t r a t e these 
e f f e c t s . 
FIGURE 11 H.T. pulse and light pulse 
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Z.k Q u a n t i t a t i v e D e s c r i p t i o n of Discharge Mechanism 
The f i r s t successful attempt t o f i t a q u a n t i t a t i v e 
d e s c r i p t i o n t o the discharge mechanism was developed i n 1959 by 
Lloyd ( 9 ) , who obtained e f f i c i e n c y - d e l a y curves, c o n s i d e r i n g thermal 
d i f f u s i o n as the only means of removal o f the primary e l e c t r o n s . 
Further work c a r r i e d out a t Nottingham (6 ) , Rome C'O) and Durham ( / / ) , 
extended the theory t o i n c l u d e the many other f a c t o r s which i n f l u e n c e 
the c h a r a c t e r i s t i c s o f the tubes. The f o l l o w i n g i s a review of t h e i r 
work, and the problems which remain t o be solved. 
2.A-.1 Formation and Loss of Primary E l e c t r o n s 
As shown e a r l i e r , a minimum i o n i s i n g p a r t i c l e w i l l produce 
approximately 33.6 i o n pairs/cm/atm. along i t s path. Then, f o r a 
p a r t i c l e passing a distance x from the centre o f a tube, r a d i u s r , 
f i l l e d w i t h gas a t pressure P, the number o f primary e l e c t r o n s 
produced i s given by: 
A f t e r a time t , some of these primary e l e c t r o n s w i l l be 
l o s t from the gas through the f o l l o w i n g processes: 
n ( x ) 2Pm V r -x 
where m = 33.6 cm" atm. -1 
o 
1) Attachment t o e l e c t r o n e g a t i v e i m p u r i t i e s . 
2) Recombination w i t h p o s i t i v e i o n s 
3) D i f f u s i o n t o the w a l l s of the tube. 
h) D r i f t t o the w a l l s o f the tube under the e f f e c t o f an . 
e l e c t r i c f i e l d . 
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Process 2 can be neglected since m and the recombination 
° o 
p r o b a b i l i t y are small. 
Process if becomes i n c r e a s i n g l y s i g n i f i c a n t as the r a t e o f 
f l a s h i n g of the tubes i s increased. However, an exact a n a l y t i c a l 
treatment i s extremely d i f f i c u l t , and as y e t , only a Monte Carlo 
s i m u l a t i o n has been used w i t h any success t o t a c k l e t h i s problem. 
Process k has been neglected i n the present treatment, which assumes 
only processes 1 and 3* 
Process 1 i s of great s i g n i f i c a n c e , f o r o n l y 0.1% 
contamination w i t h oxygen w i l l reduce the number of primary e l e c t r o n s 
by more than 50% w i t h i n 20 microsec. 
The p r o b a b i l i t y o f attachment t o e l e c t r o n e g a t i v e i m p u r i t i e s 
a f t e r time t can be w r i t t e n : 
P ( t ) = n ( t . x ) = exp(-bcut/A Q) (1) 
n(0,x) 
where c = %' o f i m p u r i t i e s 
b = p r o b a b i l i t y o f attachment 
u = mean v e l o c i t y 
\ Q - mean f r e e path 
i 
Process 3 can be accounted f o r by Ll o y d s d i f f u s i o n theory, : 
and equation (1) can be r e w r i t t e n as: 
P ( t , x ) = [ e x p t - b c u t / ^ ) ] exp(-/3 2Dt/r 2) J j Q ( / J 2 / r ) d y 
£/3 p J^{fi)J?-yF 
(2) 
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where D = e l e c t r o n d i f f u s i o n c o e f f i c i e n t 
J and J, = Bessel f u n c t i o n s of order 0 and 1 o l 
p - r o o t s o f equation J Q ( x ) = 0 
To a f i r s t approximation only the f i r s t term of Lloyd's 
expression may be considered, and using t he r e l a t i o n : 
/' 
i 
D = X u/3 
equation (2) can be r e w r i t t e n as: 
P ( t , x ) = exp^-[3bc/A^+ (/3.,/r) 2]DtJ (3) 
The use of the d i f f u s i o n c o e f f i c i e n t f o r thermal e l e c t r o n s 
f o r D, i s not s t r i c t l y c o r r e c t , since the i n i t i a l v e l o c i t y o f the 
primary e l e c t r o n s v / i l l be higher than thermal v e l o c i t i e s , and t h e r e f o r e 
w i l l s u f f e r more i n i t i a l c o l l i s i o n s , r e s u l t i n g i n a s h o r t e r s e n s i t i v e 
time. L l o y d has estimated the c o r r e c t i o n t o be s m a l l , and i n the 
present treatment the e f f e c t w i l l be neglected. 
2. if. 2 The Discharge 
As described p r e v i o u s l y , streamer p r o d u c t i o n r e q u i r e s the 
enhancement of the a p p l i e d e l e c t r i c f i e l d by the presence of l a r g e 
numbers of secondary charges produced i n the Townsend avalanche. The 
number of charges must exceed e~^ (12. ) and the avalanche must advance 
over a distance d, given by: 
d s 20 M 
FIGURE 12 FORMATIVE DISTANCE FOR 
STREAMER PRODUCTION 
-22-
d i s the fo r m a t i v e distance f o r an avalanche t o produce a 
streamer, and t h e r e f o r e only e l e c t r o n s shown i n the r e g i o n S i n 
f i g u r e (12) can take p a r t i n the discharge. The c a l c u l a t i o n o f the 
number of e l e c t r o n s present i n S i s complex ( 1 0 ) , since i n i t i a l l y 
the e l e c t r o n s l i e along the path o f the i o n i s i n g p a r t i c l e . However, 
f o r longer time delays, the d i s t r i b u t i o n becomes more unif o r m , and 
the number of e l e c t r o n s , f , present i n S can be w r i t t e n as: 
f = S / i r r 2 = l - ( 2 0+sin2^)/rr ( i f ) 
where <j> = arc sine (d Q/2r) 
Hampson and Rastin ( 6 ) found t h a t i n h i g h pressure tubes,, 
the p r o b a b i l i t y of a primary e l e c t r o n i n i t i a t i n g an avalanche l a r g e 
enough t o create a streamer, was small. The streamers are formed 
some time a f t e r the i n i t i a l avalanche, when secondary e l e c t r o n s 
(caused by photo-production i n the gl a s s ) i n i t i a t e f u r t h e r 
avalanches and r a i s e the number of f r e e charges t o the l e v e l r e q u i r e d 
f o r streamer p r o d u c t i o n . 
2.4.3 E f f i c i e n c y and S e n s i t i v e Time 
The p r o b a b i l i t y of the tube f l a s h i n g , and t h e r e f o r e i t s 
e f f i c i e n c y , depends on the number of primary e l e c t r o n s , n ( x ) , the 
p r o b a b i l i t y o f these e l e c t r o n s being l o s t from the gas, P ( t , x ) and 
the p r o b a b i l i t y of the remaining- e l e c t r o n s being a f o r m a t i v e distance 
from the w a l l s when the h i g h v o l t a g e pulse i s a p p l i e d , f . 
Assuming f o r s i m p l i c i t y a Foisson d i s t r i b u t i o n ( i t i s 
a c t u a l l y Landau), t h i s can be expressed as: 
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rj ( x , t ) = l - e x p [ " - n ( x ) . P ( t , x ) . f J (5) 
then the e f f i c i e n c y - d e l a y curve i s . given by: 
T) ( t ) s J y ) ( x ) dx (6) 
o 
Using the r e l a t i o n : 
n ( x ) = 2Pm / r 2 - x ^ oi 
and the equations (3) and (5), the s e n s i t i v e time may be w r i t t e n as: 
t s = l n [ ( 2 r P m o f / l n 2 ) / ^ ( x / r ) 2 ] (7) 
[3bc/AVlV r 2] D 
The dependence o f t on x can be removed by t a k i n g i t s 
s 
average value over x. 
t = ln(2ArPm f / l n 2 ) (8) s o 
where A i s a geometrical f a c t o r , which, assuming 
2rPnr f/ln2»l o 
can be evaluated by computing the average of 
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ln(2rPm Q f / l - ( x / r ) 2 / l n 2 ) 
and i s found t o be 0.75 
The t h e o r e t i c a l curves obtained using these equations do 
not alv/ays give a good f i t t o the experimental data, the p r e d i c t e d 
s e n s i t i v e time being almost double t h a t observed ( 1 0 ) . Possible 
reasons f o r t h i s discrepancy are: 
1) The f i n i t e r i s e time of the H.T. pulse sweeps e l e c t r o n 
cut o f the gas wi t h o u t i n i t i a t i n g a discharge, e f f e c t i v e l y l o w e r i n g 
the value o f f . 
2) The presence o f small q u a n t i t i e s o f e l e c t r o n e g a t i v e 
i m p u r i t i e s reducing f . 
3) The presence of induced e l e c t r i c f i e l d s sweeping 
e l e c t r o n s from the gas, also reducing f . 
The degree t o which each o f these f a c t o r s i n f l u e n c e V) and 
t are unknown, and t o describe them a n a l y t i c a l l y would g r e a t l y s 
complicate the theory. Since f i s subject t o so many v a r i a b l e s i t i ; 
more convenient t o o b t a i n a value e x p e r i m e n t a l l y and i n s e r t i t i n t o 
the equations. 
2.4.4 Recovery Time 
g 
Assuming t h a t each streamer contains 5 x 10 e l e c t r o n s , 
and t h a t t h e r e are 2.5 streamers per cm. ( s e c t i o n 2.2.2), then 
9 
immediately a f t e r the discharge, there should be approximately 10 
e l e c t r o n s / c c . i n the gas. 
The mechanisms f o r removal o f charge from the gas are the 
same as those l i s t e d i n 2.4.1. However, since the charge d e n s i t y i s 
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now very g r e a t , the recombination of p o s i t i v e i o n s and e l e c t r o n s can 
no longer be neglected. Brosco (IO) has d e r i v e d a t h e o r e t i c a l 
expression f o r the recovery time, c o n s i d e r i n g d i f f u s i o n and 
recombination as the mechanisms of e l e c t r o n and p o s i t i v e i o n l o s s , 
which i s shown below: 
X X X 
r , c P 
dt 
Pi .x.dx = xD+&_P+ -S 
dx 
"P. P_ x.dx + knPt eK+ x.dx (9) 
where P+ ( x , t ) , P_ ( x , t ) are the charge d e n s i t i e s a t time t , distance 
x from the tube a x i s . 
D+,D_ are the d i f f u s i o n c o e f f i c i e n t s f o r the 
p o s i t i v e and negative charges. 
S i s the electrons-ion recombination c o e f f i c i e n t . 
K+,K_ are the i o n and e l e c t r o n m o b i l i t i e s . 
The f i r s t two terms describe e l e c t r o n - i o n d i f f u s i o n and. 
recombination. The l a s t term describes the e f f e c t o f the r a d i a l f i e l d 
caused by ambipolar d i f f u s i o n , which counteracts the d i f f u s i o n o f 
e l e c t r o n s t o the w a l l s . 
Using the above equations i t has been shown (10) t h a t 
ambipolar d i f f u s i o n . o c c u r s f o r a time T^, given by: 
T x s r 2 . I n . 1 »dD./r (10) 
6D+ 1 + 6D, r 2 
where d = (4e 2/KT) 
y 0 0 = ^ ( 0 ) •= y9.(Q) charge d e n s i t y a t zero time. 
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Also an a d d i t i o n a l time must elapse before the 
r e i g n i t i o n p r o b a b i l i t y i n a gas of volume V"^  f a l l s below 10%, and i s 
given by: 
T 2 = rZ I n 6Vf (11) 
6D d r 2 In(10/9) 
i i 
i 
I t i s found t h a t and f o r most cases the recovery 
time can be considered as t h a t given by equation .(10). For noble , gases 
the agreement between experiment and theory i s q u i t e good. 
I f e l e c t r o n e g a t i v e i m p u r i t i e s are present i n s u f f i c i e n t 
q u a n t i t i e s t o dominate the processes r e s p o n s i b l e f o r e l e c t r o n 
disappearance, then the recovery time i s given by: 
T r = ln ( / > 0 V A Qf/bcu) (12) 
where the symbols have the same meaning as p r e v i o u s l y 
assigned t o them. However, t h i s equation gives values of T p 
c o n s i d e r a b l y smaller than those found e x p e r i m e n t a l l y , and as yet i t 
i s not understood why. 
Z.lit.3 Induced C l e a r i n g F i e l d s 
Holroyd (II /) has used a Monte Carlo method t o i n v e s t i g a t e 
the e f f e c t s o f e l e c t r o n d r i f t caused by the e l e c t r i c f i e l d s of 
charges adhering t o the tube w a l l s . Considering only the f o r m a t i v e 
d i s t a n c e , d r i f t and d i f f u s i o n , e f f i c i e n c y - d e l a y curves were obtained 
f o r v a r i o u s values of f o r m a t i v e distance and d r i f t v e l o c i t y . From 
these r e s u l t s , and experimental data, a value f o r the amount o f 
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charge deposited on the w a l l s was as c e r t a i n e d . 
The Monte Carlo approach i s a simple one, and such a 
treatment could i n c l u d e a l l the major e f f e c t s i n f l u e n c i n g the 
performance of f l a s h tubes, provided the p r o b a b i l i t y o f t h e i r 
occurrance i s known. This approach may be the only p r a c t i c a l way of 
f i t t i n g q u a n t i t a t i v e d e s c r i p t i o n s t o the observed behaviour. 
2.5 Conclusion 
There does not e x i s t an a n a l y t i c a l d e s c r i p t i o n which w i l l 
s u c c e s s f u l l y describe a l l major mechanisms i n v o l v e d i n the discharge 
o f a f l a s h tube, although i n d i v i d u a l e f f e c t s under a narrow range of 
c o n d i t i o n s can be p r e d i c t e d q u i t e w e l l by theory. I t i s probable t h a t 
a complete q u a n t i t a t i v e d e s c r i p t i o n of the discharge i s only p o s s i b l e 
using a Monte Carlo approach s i m i l a r t o t h a t used by Holroyd. 
The problem of the induced c l e a r i n g f i e l d i s the most 
d i f f i c u l t t o describe a n a l y t i c a l l y , probably because l i t t l e i s known 
d e f i n a t e l y about i t s formation and decay. The work t h a t has been done 
on t h i s problem i s described i n the two f o l l o w i n g chapters. 
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CHAFTER 3 i i 
INDUCED CLEANING FIELDS 
3.1 Observation o f Induced C l e a r i n g F i e l d s 
The e f f e c t of induced c l e a r i n g f i e l d s was f i r s t r e p o r t e d 
by P i c k e r s g i l l ( I ) , who observed t h a t the e f f i c i e n c y - d e l a y curves 
d i f f e r e d according t o the l e n g t h o f the high v o l t a g e pulse used." I t 
was suggested t h a t p o l a r i s a t i o n was t a k i n g place i n the g l a s s , 
e f f e c t i v e l y backing o f f the a p p l i e d K.T. pulse, thus l o w e r i n g the 
e f f i c i e n c y . 
C l e a r i n g f i e l d e f f e c t s were also observed by Grouch ( Z ) , 
who noted t h a t the magnitude o f the e f f e c t , depended not only on pulse 
l e n g t h , but also on r a t e , temperature, humidity and pulse shape, a 
b i p o l a r pulse considerably reducing the e f f e c t of the f i e l d s , as d i d 
high temperatures and h u m i d i t i e s . The evidence i n d i c a t e d t h a t the 
e f f e c t was due t o charges deposited on the w a l l s o f the tube, 
producing e l e c t r i c f i e l d s , which r e q u i r e d times o f up t o minutes t o 
decay, depending.on the parameters mentioned above. 
The qu e s t i o n as t o whether the c l e a r i n g f i e l d s are caused 
by p o l a r i s a t i o n i n the g l a s s , or by charge deposited.on the glass 
surface was resolved by Hampson and Hastin ( 3 ) , who observed t h a t 
c l e a r i n g f i e l d s were only b u i l t up i n tubes which had discharged, and 
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t h a t tubes which had been subject t o the same high v o l t a g e pulses, 
but had not discharged, showed no c l e a r i n g f i e l d e f f e c t s . This 
associated the c l e a r i n g f i e l d s w i t h the pr o d u c t i o n of l a r g e q u a n t i t i e s 
o f f r e e charge. Further evidence was provided by the f a c t t h a t the 
magnitude of the c l e a r i n g f i e l d e f f e c t depended upon the r e s i s t a n c e 
o f the glas s tube, s u p p o r t i n g the theory t h a t the f i e l d s decay by 
conduction o f the induced charges, e i t h e r across the glass surface, 
or through i t s volume. 
Whilst studying these f i e l d s , Eolroyd ( 4 ) n o t i c e d the 
presence o f a long term c l e a r i n g f i e l d , t a k i n g several days t o decay 
away. No s a t i s f a c t o r y e x planation has been found f o r t h i s long term 
e f f e c t , but i t was su.sjgested t h a t i t may be caused by p o l a r i s a t i o n o f 
the g l a s s , or by e l e c t r o n s trapped i n the glass surface. 
5.2 Formation o f Induced C l e a r i n g F i e l d s 
Extensive i n v e s t i g a t i o n s o f induced c l e a r i n g f i e l d s have 
been made by Holroyd ( 4-), who, by extending the work of Crouch and 
Hampson and R a s t i n , was able t o make q u a n t i t a t i v e conclusions 
concerning the nature of the c l e a r i n g f i e l d s . Unless otherwise s t a t e d , 
a l l r e s u l t s quoted i n t h i s chapter were obtained by her, using 
1 metre tubes, i n t e r n a l diameter 1.6 cm., f i l l e d w i t h 98% Ne, 2% He 
a t 60 cm.Hg. 
3.2.1 Short Term C l e a r i n g F i e l d 
The s h o r t term c l e a r i n g f i e l d i s caused by charges 
r e s u l t i n g from the discharge being deposited onto the w a l l s o f the 
tube. This produces an e l e c t r i c f i e l d across; the tube, which reduces 
the e f f i c i e n c y by sweeping out the primary e l e c t r o n s , and "backing 
FIGURE 13 efficiency versus delay for various pulse lengths 
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o f f " the a p p l i e d high v o l t a g e . 
The e l e c t r o n s from the discharge w i l l be removed completely 
from the gas i n times of 100 to. 200 nsec., adhering t o the tube w a l l 
nearest the p o s i t i v e e l e c t r o d e . The more massive p o s i t i v e i o n s move 
r e l a t i v e l y s l o w l y , and depending on the l e n g t h of the high v o l t a g e 
pulse, a p r o p o r t i o n of them w i l l , be swept t o the wall- nearest the 
negative e l e c t r o d e , t o which they w i l l adhere. Those p o s i t i v e i o n s 
remaining i n the gas a f t e r the removal of the a p p l i e d high v o l t a g e 
pulse, w i l l then d r i f t under the i n f l u e n c e of the a t t r a c t i v e f o r c e , 
due t o the e l e c t r o n s , and the r e p u l s i o n due t o the i o n s , t o the w a l l , 
where they w i l l q u i c k l y recombine w i t h the e l e c t r o n s t h e r e . 
The amount of p o s i t i v e charge deposited on the w a l l s w i l l 
depend p r i n c i p a l l y on the l e n g t h and magnitude of the high v o l t a g e 
pulse. The v a r i a t i o n of e f f i c i e n c y as a f u n c t i o n of delay, f o r 
i 
v a r i o u s pulse l e n g t h s , i s shown i n f i g u r e ( J ? ) . I f according t o Lloyd 
t h e o r e t i c a l t r e atment, d i f f u s i o n was the only mechanism f o r the 
removal of the primary e l e c t r o n s , then the e f f i c i e n c y should not 
change w i t h pulse l e n g t h . However the decrease i n e f f i c i e n c y 
i n d i c a t e s the presence of another mechanism ( t h e induced f i e l d ) which 
removes the primary e l e c t r o n s more r a p i d l y than by simple d i f f u s i o n , 
Comparing these experimental e f f i c i e n c y curves w i t h those 
showing e f f i c i e n c y as a f u n c t i o n of delay f o r v a r i o u s d r i f t v e l o c i t i e s 
obtained t h e o r e t i c a l l y from a Monte Carlo s i m u l a t i o n using d i f f u s i o n 
and d r i f t (see chapter 2 ) , i t can be seen t h a t the magnitude o f the 
observed c l e a r i n g f i e l d s decreases w i t h i n c r e a s i n g delay, as i s t o be 
expected. 
Figure (<S) shows the v a r i a t i o n of c l e a r i n g f i e l d w i t h 
e f f i c i e n c y f o r d i f f e r e n t high v o l t a g e pulse l e n g t h s . This was obtained 
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by f i r s t comparing the experimental e f f i c i e n c i e s a t a c e r t a i n delay 
w i t h the t h e o r e t i c a l p l o t of e f f i c i e n c y versus d r i f t v e l o c i t y , f o r 
the same delay, thus g i v i n g a r e l a t i o n s h i p between delay and d r i f t 
v e l o c i t y . Using the data o f Pack and Phelps ( 5 ) , the f i e l d necessary, 
and t h e r e f o r e the number of charges r e q u i r e d , t o produce t h i s d r i f t 
v e l o c i t y can be found. 
The data of Pack and Phelps r e f e r s t o pure neon, and the 
above treatment assumes the r e l a t i o n s h i p between f i e l d and d r i f t 
v e l o c i t y i s not s i g n i f i c a n t l y d i f f e r e n t i n pure neon, and the 98% Ne, 
2% He mixtu r e used i n the tubes. 
A method o f f i n d i n g the d r i f t v e l o c i t y independently o f 
the data o f Pack and Phelps v/as devised by Stubbs ( 6 ) . Using 
experimental e f f i c i e n c y delay curves obtained f o r 3 d i f f e r e n t values 
o f a p p l i e d a l t e r n a t i n g f i e l d s t r e n g t h , a t h e o r e t i c a l f i t was made t o 
one of these curves using a Monte Carlo technique, which assumed an 
a l t e r n a t i n g d r i f t v e l o c i t y . From the d r i f t v e l o c i t y which gave the 
best f i t , values were obtained f o r the d r i f t v e l o c i t y associated 
w i t h the other two f i e l d s . Using these two derived v e l o c i t i e s . g o o d 
f i t s were siade t o the other two e f f i c i e n c y - d e l a y curves, i n d i c a t i n g 
the v a l i d i t y o f the method. Thus .the value of the d r i f t v e l o c i t y 
f o r a p a r t i c u l a r f i e l d may be found, a v o i d i n g the assumptions about 
the gas mixture made i n using Pack and Phelps' data. 
The maximum induced f i e l d was obtained using a pulse 
l e n g t h o f LO microsec., beyond which the f i e l d d i d not increase 
s i g n i f i c a n t l y . This must represent the time r e q u i r e d t o sweep out 
the l a r g e s t number of p o s i t i v e ions t o the w a l l s . This i s c o n s i s t a n t 
w i t h the value of 80 microsec. given by the data o f Pack and Phelps 
f o r . t h e d r i f t v e l o c i t y of p o s i t i v e i o n s i n a f i e l d of k KV/cm. 
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The short term induced f i e l d i s found t o be independant o f 
the magnitude of the a p p l i e d f i e l d . This r e s u l t i s s u r p r i s i n g , since 
the amount of charge produced increases as the i n t e n s i t y o f the 
a p p l i e d f i e l d i n creases, and t h e r e f o r e l a r g e r f i e l d s can be expected. 
Also the d r i f t v e l o c i t y of the p o s i t i v e i o n s increases, d e p o s i t i n g 
a g r e a t e r p r o p o r t i o n of charge on the w a l l s i n a given time. No 
s a t i s f a c t o r y e x p l a n a t i o n f o r t h i s r e s u l t has yet been found. 
3 .2 .2 Decay of Short Term C l e a r i n g F i e l d s . 
The induced c l e a r i n g f i e l d w i l l decay by conduction of 
the e l e c t r o n s over the surface,or through the volume of the g l a s s , 
thus recombining w i t h the p o s i t i v e i o n s trapped i n the glass surface. 
The time c o n s t a n t , X , of the decay w i l l be determined by the 
r e s i s t a n c e of the glass and the c a p a c i t y of the tube. Holroyd found 
the capacitance of the tubes t o be 1+.25 pF, and the volume r e s i s t a n c e 
of the soda gla s s was measured as 5.3 x The surface r e s i s t a n c e 
of c h emically clean glass was found t o be 5 x 1 0 ^ " , although values 
as low as 1 0 X I were recorded, depending on the amount the glass 
surface was contaminated. Assuming t h a t the i n n e r surface c f the f l a s h 
tube was r e l a t i v e l y c l ean, due t o i t s method of manufacture, a value 
of 2.7 seconds was c a l c u l a t e d f o r "C. 
A g l a s s w i t h a lower r e s i s t a n c e , which s t i l l maintains 
good mechanical p r o p e r t i e s i s "Jena 16B", t h i s has a r e s i s t a n c e of 
approximately 6 x lO^S^l a t 21°C ( 7 ) and i s now used f o r tubes which 
are operated at a high r a t e ) . 
The induced c l e a r i n g f i e l d w i l l decay according t o : 
V = V Q e x p ( - t / X ) 
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where V - f i e l d a t time t 
V = f i e l d a t time t = 0 o 
"C = decay cpstant = 3C 
The magnitude of the c l e a r i n g f i e l d i s p r o p o r t i o n a l t o the 
amount of charge deposited on the tube w a l l s , t h i s can be w r i t t e n 
as: 
dn = s-n 
dt t 
where s = r a t e o f d e p o s i t i o n o f charge 
n = number of e l e c t r o n s 
T. = decay constant 
Using these two r e l a t i o n s h i p s , Holroyd ( 4 ) de r i v e d an 
a n a l y t i c a l expression f o r the q u a n t i t y of charge deposited, and 
t h e r e f o r e the s t r e n g t h of the c l e a r i n g f i e l d . I t can be seen below, • 
t h a t the expression p r e d i c t s c o r r e c t l y t h a t the s t r e n g t h o f the 
c l e a r i n g f i e l d i s p r o p o r t i o n a l t o the i e n g t h o f the h i g h v o l t a g e pulse. 
V «* HCVo7} ( r / t ) ( l - e x p ( - t / r )) 
where V = c l e a r i n g f i e l d 
RC = decay constant of high v o l t a g e pulse 
V = i n i t i a l f i e l d o 
Tj - e f f i c i e n c y 
X = decay constant of charge 
t = time i n t e r v a l between f l a s h e s 
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Figure ( / I f .). shows c l e a r i n g f i e l d / e f f i c i e n c y as a f u n c t i o n 
of high v o l t a g e pulse l e n g t h . I t can be seen t h a t the curve i s f l a t 
beyond about 30 m i c r o s e c ; t h i s i s because a l l the p o s i t i v e i o n s 
have been swept out of the gas, which i s i n agreement w i t h the data 
of Pack and Phelps. 
Figure ('5) shows c l e a r i n g f i e l d as a f u n c t i o n of e f f i c i e n c y 
f o r 3 d i f f e r e n t high v o l t a g e pulse l e n g t h s . S t r a i g h t l i n e s are . 
obtained f o r each pulse l e n g t h . For the r a t e s a t which the c l e a r i n g 
f i e l d e f f e c t becomes a p p r e c i a b l e , exp(-t/"C ) tends t o zero, and the 
constant of p r o p o r t i o n a l i t y i n the above equation can be found f o r a 
p a r t i c u l a r pulse l e n g t h . 
Figure (16) shows the i n t e r v a l between f l a s h e s as a 
f u n c t i o n of l a y e r e f f i c i e n c y , the e f f i c i e n c y f a l l i n g f a s t f o r i n t e r v a l s 
of l e s s than about 10 minutes. From the t h e o r e t i c a l l y obtained curves 
of e f f i c i e n c y as a f u n c t i o n of delay, f o r d i f f e r e n t d r i f t v e l o c i t i e s , 
shown i n f i g u r e ('7), i t can be seen t h a t the d r i f t v e l o c i t y must 
f a l l t o approximately 10^ cm/sec. f o r i t t o have no appreciable e f f e c t 
on the e f f i c i e n c y . This corresponds t o an induced f i e l d o f 10~^ V/cm. 
I f the induced f i e l d does not f a l l t o approximately t h i s value before 
the next event, then there w i l l be a l o s s of e f f i c i e n c y . This marks, 
the t h r e s h o l d beyond which r a t e e f f e c t s w i l l become apparent, as was 
shown i n f i g u r e {16). The degree t o which the induced f i e l d a f f e c t s 
the e f f i c i e n c y w i l l depend also on the delay i n a p p l y i n g the h i g h 
v o l t a g e pulse. 
3 .2 .3 The Long Term C l e a r i n g F i e l d 
The long term c l e a r i n g f i e l d appears t o be of an e n t i r e l y 
d i f f e r e n t nature t o t h a t o f the short term f i e l d , however, as w i t h 
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the short term f i e l d , the e f f e c t only occurs i f the tube f l a s h e s . 
Holroyd demonstrated t h i s by using a t r i g g e r i n g system which o n l y 
covered one side of a broad a r r a y of f l a s h tubes. The system was 
operated a t a high r a t e o f 1 f l a s h per tube per minute, f o r several 
days. The tubes i n the a r r a y , which l a y w i t h i n the volume covered by 
the t r i g g e r system, flashed much more f r e q u e n t l y than those o u t s i d e 
the t r i g g e r system. Those covered by the t r i g g e r system were found t o 
have an e f f i c i e n c y o f 35%t w h i l e those o u t s i d e , had an e f f i c i e n c y o f 
hh%t showing t h a t the long term c l e a r i n g f i e l d i s a l s o due t o the 
a c t u a l discharge. 
I t can be seen from f i g u r e ( 1 8 ) , t h a t the f i e l d i s only 
produced by running a t high r a t e s f o r a number of days, and t h a t the 
recovery times are eq u a l l y l o n g . 
Unlike the short term f i e l d , the long term f i e l d i s a f f e c t e d 
by the pulse h e i g h t , becoming predominant about 6 KV/cm. i n the case 
o f Holroyd«s tubes. This i s shown i n f i g u r e ( H ) . The e f f e c t may 
e x i s t below 6 KV/cm., and may p o s s i b l y be observed i f s u f f i c i e n t time 
i s allowed f o r the e f f e c t t o b u i l d up. 
Two p o s s i b l e explanations f o r the long term f i e l d have 
been o f f e r e d ; 
1) P o l a r i s a t i o n i n the glass. I t may be t h a t the minimum 
energy needed t o cause p o l a r i s a t i o n r e q u i r e s f i e l d s g r e a t e r than 
6 KV/cm., which would e x p l a i n why the f i e l d s become apparent only 
above t h i s f i e l d value. L i t t l e i n f o r m a t i o n i s a v a i l a b l e a t the present 
on the p o l a r i s a t i o n p r o p e r t i e s o f glass. 
2) Trapping o f e l e c t r o n s i n the' g l a s s . Most glass surfaces, 
c 
unless kept under s t r i n g e n t c o n d i t i o n s , w i l l a a u i r e a t h i n l a y e r o f 
water on t h e i r surfaces. Energetic e l e c t r o n s may penetrate t h i s l a y e r 
FIGURE 19 efficiency as a function of applied field 
applied field {KV/cm) 
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and become trapped i n the g l a s s , Because of the g r e a t e r r e s i s t a n c e 
of the glass than of the water l a y e r , they w i l l move much more 
s l o w l y , and r e q u i r e longer times t o recombine w i t h the p o s i t i v e i o n s . 
c 
T h i s process w i l l occur only when the e l e c t r o n s aquire enough energy 
1 
t o p enetrate the water l a y e r , which would account f o r the dependence 
on a p p l i e d f i e l d . 
/ 
However, when tubes which e x h i b i t the long term c l e a r i n g 
f i e l d e f f e c t , are operated w i t h a high v o l t a g e pulse of the opposite ' 
p o l a r i t y , the e f f e c t o f the c l e a r i n g f i e l d disappears immediately. 
Presumably i t i s c a n c e l l e d out by the short term f i e l d of the f o l l o w i n g 
discharge. T h i s seems t o i n d i c a t e t h a t the long and the short term 
f i e l d s are of the same p o l a r i t y , which would not be the case i f the 
long term f i e l d were due t o p o l a r i s a t i o n , which would produce a f i e l d 
o f the opposite p o l a r i t y t o t h a t caused by charge s e p a r a t i o n . 
3.3 Removal o f C l e a r i n g F i e l d s 
The degree t o v/hich the short term c l e a r i n g f i e l d s a f f e c t 
the e f f i c i e n c y of the tubes depends on.the number of p o s i t i v e i o n s 
deposited on the w a l l s of the tube, the r a t e a t which the two charge-
components can recombine, and the delay i n a p p l y i n g the high v o l t a g e 
pulse. 
The number of p o s i t i v e i o n s swept t o the w a l l can be 
reduced by making the high v o l t a g e pulse l e n g t h as s h o r t as p o s s i b l e , 
without. i m p a i r i n g the discharge. 
Holroyd (4- ) has i n v e s t i g a t e d ways o f i n c r e a s i n g the r a t e 
of recombination of charge^ by i n c r e a s i n g t h e surface conduction of 
the i n n e r surface of the g l a s s tube, e i t h e r by the a d d i t i o n o f water 
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vapour t o the gas, or by c o a t i n g the surface w i t h stannic oxide. 
C l e a r i n g f i e l d e f f e c t s would become n e g l i g i b l e f o r most 
a p p l i c a t i o n s , i f the r e s i s t a n c e of the glass could be reduced t o 
about i o 7 n . i f the r e s i s t a n c e i s reduced f u r t h e r , the g l a s s would 
screen the . gas from the a p p l i e d f i e l d , r e q u i r i n g higher f i e l d s t o 
be a p p l i e d i f the e f f i c i e n c y i s t o be maintained. I t may be f o r t h i s 
reason t h a t some of Kolroyd's stannic oxide coated tubes, which had 
a r e s i s t a n c e o f l O ^ j f l , d i d not f l a s h a t a l l . . The tubes which were 
observed t o f l a s h , d i d so s p u r i o u s l y , probably because of 
i r r e g u l a r i t i e s i n the oxide surface producing l o c a l i s e d h i gh f i e l d s , 
r e s u l t i n g i n f i e l d emission. The r e s u l t s . o f the t e s t s w i t h coated 
tubes were i n c o n c l u s i v e . 
The a d d i t i o n o f small q u a n t i t i e s of water vapour (0.0k mm. 
Hg p r e s s u r e ) , caused an increase i n e f f i c i e n c y a t h i g h r a t e s . T his 
may be due t o induced f i e l d s , too small t o a f f e c t the e f f i c i e n c y , 
n o t i c a b l y , changing the attachment c o e f f i c i e n t . Also i t may be t h a t 
a t h i gh r a t e s the surface c h a r a c t e r i s t i c s of the glass may be 
m o d i f i e d , absorbing l a r g e q u a n t i t i e s of water vapour. 
The c h a r a c t e r i s t i c s of the tubes c o n t a i n i n g water vapour 
improved w i t h age, as more water was absorbed by the g l a s s , l o w e r i n g 
i t s r e s i s t a n c e . 
Tubes which contained l i q u i d water showed, a high r a t e o f 
spurious f l a s h i n g , which was probably caused by high f i e l d s developin 
across the gas-water boundary g i v i n g r i s e t o f i e l d emission. 
A l l tubes c o n t a i n i n g water vapour s u f f e r e d a l o s s of l i g h t 
o u t p u t . This i s because the water molecules have a high attachment 
c o e f f i c i e n t , mopping up the e l e c t r o n s produced i n the discharge. The 
e f f e c t o f the a d d i t i o n of water vapour on the d i g i t i s a t i o n pulse i s 
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unknown, but since the o p e r a t i o n r e q u i r e s a c o u p l i n g between the gas 
plasma, and the probe, any r e d u c t i o n i n the d e n s i t y of the plasma i s 
l i k e l y t o reduce the probe output. 
No d e f i n i t e conclusions can be drawn from these t e s t s , 
since the c o n c e n t r a t i o n of water vapour v/as not a c c u r a t e l y c o n t r o l l e d , 
and the water used had an unknown q u a n t i t y of oxygen d i s s o l v e d i n 
i t . 
B i p o l a r r i n g i n g pulses, obtained by the use of an i n d u c t i v e 
l o a d i n the R.C. c i r c u i t , was found t o be a simple way o f reducing 
the c l e a r i n g f i e l d s . The e l e c t r o n s are s t i l l swept t o the w a l l , 
mostly during the f i r s t h a l f p e r i o d of the pulse, but the p o s i t i v e 
i o n s j u s t o s c i l l a t e about t h e i r mean p o s i t i o n s , and d r i f t back t o the 
e l e c t r o n s a f t e r the removal of the high v o l t a g e pulse. 
Using b i p o l a r pulses a t r a t e s of 1/10 sec./tube, the 
e f f i c i e n c y - d e l a y curves obtained c o i n c i d e d w i t h the t h e o r e t i c a l curves 
o f L l o y d , which assumed only d i f f u s i o n . This i n d i c a t e s t h a t no 
c l e a r i n g f i e l d s were b u i l t up. 
Problems may be encountered using a r i n g i n g pulse w i t h h i g h 
pressure tubes, which r e q u i r e a f a s t r i s e time t o be e f f i c i e n t . Also 
i t may prove d i f f i c u l t t o apply such r i n g i n g pulses t o l a r g e a r r a y s , 
because o f t h e i r l a r g e capacitance. These problems may p o s s i b l y be 
overcome by using two separate pulses o f opposite p o l a r i t y , separated 
by a few hundred nsec. 
The e f f e c t of using a l t e r n a t e l y a p p l i e d pulses o f opposite 
p o l a r i t y may prove e f f e c t i v e , and i s a t present being i n v e s t i g a t e d ' 
at Durham. 
The e a r l y observations by Crouch ( Z ) , i n d i c a t e d t h a t 
contamination o f the outer surface was a l s o important,, c o n d i t i o n s of 
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high humidity completely removing a l l t r a c e s o f induced c l e a r i n g 
f i e l d s . This i s supported by experimental r e s u l t s presented i n the 
next chapter, and i s the subject o f present i n v e s t i g a t i o n s a t Durham. 
3.-4 Conclusions 
The mechanisms of the short term f i e l d s are reasonably 
w e l l understood. Although an acceptable s o l u t i o n has yet t o be found, 
i t i s p o s s i b l e t o work a t reasonable r a t e s (50/sec.). w i t h o u t too 
severe a r e d u c t i o n i n e f f i c i e n c y , using low r e s i s t a n c e "Jena 16B" 
g 
g l a s s . This, has been born f out by t e s t s w i t h an a r r a y i n the Daresbury 
p o s i t r o n beam ( *1 ) . 
No s a t i s f a c t o r y e x p l a n a t i o n , or s o l u t i o n has been found 
f o r the long term c l e a r i n g f i e l d , although the problem i s not as 
severe as the short term e f f e c t , since i t r e q u i r e s running at high 
r a t e s f o r l o n g p e r i o d s . 
During i n v e s t i g a t i o n s i n t o the mechanism by which the 
induced f i e l d s decay, i t - was found t h a t l a r g e v a r i a t i o n s i n e f f i c i e n c y 
occured i f the contamination of the ou t e r surface of the tube was 
v a r i e d . This supports the observations o f Crouch, and represents a 
po s s i b l e means of reducing the c l e a r i n g f i e l d s . The r e s u l t s o f these 
experiments are presented i n the f o l l o w i n g chapter. 
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CHAFTER if 
EXPERIMENTAL INVESTIGATION OF DECAY OF CLEARING FIELDS 
I n the previous chapter the nature o f the induced c l e a r i n g 
f i e l d was discussed i n th-e l i g h t o f present knowledge. I t . was assumed 
t h a t the f i e l d s decayed e x p o n e n t i a l l y due t o the movement of 
e l e c t r o n s over the glass surface. Volume conduction w i l l also be 
i n v o l v e d i n the decay of the f i e l d s . I n an attempt t o c l a r i f y the 
extent t o which each process i s i n v o l v e d the f o l l o w i n g experiments 
were c a r r i e d out. 
I n v e s t i g a t i o n o f the decay of the c l e a r i n g f i e l d s i s 
complicated at room temperature by contamination of the surfaces of 
the tubes, mainly by water vapour. For t h i s reason i t was decided 
t o make the observations a t elevated temperatures where the e f f e c t s 
due t o surface contamination w i l l be l e s s . Also, by making 
observations a t d i f f e r e n t temperatures, the v a r i a t i o n o f T, the 
decay constant, w i t h temperature, may be found and compared w i t h the 
v a r i a t i o n o f surface and volume r e s i s t a n c e w i t h temperature. This 
w i l l g ive an i n d i c a t i o n o f the extent t o which each process i s 
i n v o l v e d i n the decay of the c l e a r i n g f i e l d s . 
From the values o f Z obtained a t high temperatures (40°C 
t o 100°C) one i s able t o e x t r a p o l a t e t o a value of Z a t room 
E - applied field 
E - backing off field 
resultant internal field = E - E 
•a 
FIGURE 20 backing off of applied field 
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temperature, which i s f r e e from the e f f e c t s o f surface contamination. 
Comparing t h i s value w i t h the experimental value o f ~C a t room 
temperature, an estimate o f the e f f e c t o f surface contamination can 
be made. 
k.l Measurement of Decay Time ( T ) of I n t e r n a l C l e a r i n g F i e l d s 
The i n t e r n a l c l e a r i n g f i e l d s r e s u l t from charge separation 
during the a p p l i c a t i o n o f the high v o l t a g e pulse. These charges are 
swept t o the w a l l s o f the tube, t o which they adhere, producing an 
e l e c t r i c f i e l d which backs o f f the a p p l i e d f i e l d , as shown i n f i g u r e 
(ZO). 
The e f f e c t i v e f i e l d i n s i d e the tube (E.J i s given by: 
r 
E F = E- EB . • 
where 2 = a p p l i e d f i e l d 
Eg= backing o f f f i e l d 
V/ithin a few hundred nsec. t he e f f e c t i v e f i e l d has f a l l e n 
t o such a low value t h a t i t can no longer maintain the discharge, 
which then ceases. The charges remaining on the glass w i l l then move 
round the w a l l s under the i n f l u e n c e of the e l e c t r i c f i e l d , w i t h a 
time constant ("C) which depends on the r e s i s t a n c e o f the g l a s s , and 
the capacitance o f the f l a s h tube. 
By a p p l y i n g an e x t e r n a l c l e a r i n g f i e l d o f v a r i a b l e frequency 
and magnitude, and observing the e f f e c t on the e f f i c i e n c y o f the 
tubes, i t i s p o s s i b l e t o o b t a i n a value f o r "U. 
-if2-
4.1.1 Determination o f T, 
Figure (2/) shows the e x t e r n a l l y a p p l i e d square wave f i e l d , 
and the r e s u l t a n t f i e l d i n s i d e the tube. The r e s u l t a n t f i e l d i s 
att e n u a t e d due t o the i n t r i n s i c c a p a c i t y o f the tube, and assuming 
an exponential decay, the f l a s h tube behaves l i k e a "high pass" . 
c i r c u i t , the e f f e c t i v e f i e l d , decaying w i t h time constant T . 
For very high frequencies ( T ( ( I ) , the f i e l d i s changing 
f a s t e r than the charges can move t o counteract i t , and the e f f e c t o f 
the a t t e n u a t i o n w i l l be n e g l i g i b l e , r e s u l t i n g i n an almost p e r f e c t 
square wave. 
The d e t e c t i n g e f f i c i e n c y (*Y)) i s dependent on the f i e l d 
s t r e n g t h across the i n s i d e o f the tube (E-E^), a t the time o f 
t r a v e r s a l o f the i o n i s i n g p a r t i c l e . The higher the f i e l d , the g r e a t e r 
the number of primary e l e c t r o n s swept t o the w a l l s before the 
a p p l i c a t i o n of the high v o l t a g e pulse. 
For a square wave f i e l d , which i s atte n u a t e d ( i e . " C ~ T ) , 
the d e t e c t i n g e f f i c i e n c y w i l l be increased, since the f i e l d i s 
reduced. Measuring Tj f o r a l a r g e number of events, such t h a t they 
are randomly d i s t r i b u t e d over the whole c y c l e , w i l l g ive a l a r g e r 
value o f Tj than i f the f i e l d were unattenuated. I n c r e a s i n g the size 
of the h a l f p e r i o d ( T ) , the e f f i c i e n c y w i l l i n c r e a s e , u n t i l 
e v e n t u a l l y the a p p l i e d f i e l d i s e f f e c t i v e l y B.C.. and the i n t e r n a l 
e f f i c i e n c y i s 100?^. I n t h i s case the f i e l d i s completely backed o f f . 
Considering the attenuated waveform shown i n f i g u r e (2/), 
i t i s p o s s i b l e t o p o s t u l a t e a square wave f i e l d o f the same h a l f 
p e r i o d (T) and of magnitude Vg, which i f a p p l i e d i n t e r n a l l y across 
the tube, would g i v e the same e f f i c i e n c y as the at t e n u a t e d waveform. 
The value o f V T can be found by. a p p l y i n g a high frequency 
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square wave (T « X ) , which i s not attenuated. Knowing the values o f 
V and V_ and assuming a r e l a t i o n s h i p between V , V- and "C can be 
O JJ O £j 
found, then i t should be po s s i b l e t o c a l c u l a t e the value o f "C. 
Therefore the proceedure t o f i n d X i s : 
1) Apply a square v/ave of magnitude V Q f o r v a r i o u s T, and 
measure the e f f i c i e n c y . 
2) Apply high frequency c a l i b r a t i o n square wave ( T « X ) 
and f i n d the value o f Vg. 
3) Knowing V^, c a l c u l a t e X from the mathematical 
r e l a t i o n s h i p between the attenuated square wave and the equivalent 
square wave. 
4.1.2 R e l a t i o n s h i p Between Attenuated and Equivalent Souare V/ave F i e l d s 
The f o l l o w i n g r e l a t i o n s h i p was derived by Chaney ( I ) and 
was used by him t o o b t a i n values o f X f o r tubes heated t o 100°C. 
Assume f o r s i m p l i c i t y t h a t t he induced f i e l d s decay 
e x p o n e n t i a l l y ; t h i s can be w r i t t e n as: 
V = V . - V 1 
o 
where V Q = a p p l i e d v o l t a g e a t time t = 0 
For the attenuated and equivalent square wave f i e l d s t o 
gi v e the same e f f i c i e n c y over a l a r g e number of events we need: 
fT Pj dt = P„ dt 
r.-
P, dt = P„ T. 
is 
where P ^ ( t ) = p r o b a b i l i t y o f d e t e c t i n g one event a t a 
given time t i n the attenuated square wave f i e l d . 
and Pg = p r o b a b i l i t y of d e t e c t i n g one event i n 
equiva l e n t square wave f i e l d — a constant. 
now P j ( t ) V j U ) 
where = e l e c t r o n d r i f t v e l o c i t y i n the attenuated 
i n t e r n a l f i e l d 
and Pj, <« V E , a constant 
f. t h e r e f o r e | V j dt = V £ T 
1 i 
and " - viv\^ AIT?" V = K | - J = A V < 
where V = vol t a g e 
X = f i e l d s t r e n g t h 
P = pressure o f gas 
K = e l e c t r o n m o b i l i t y 
A =. a constant 
t h e r e f o r e | V ? dt = t 
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S u b s t i t u t i n g . V = V Q e" t /' r 
ve get | ( V Q e " t / T dt = T 
g i v i n g V V T = 2V r t TX ( l - e ) 
T 
Knowing V , V„ and T i t i s po s s i b l e t o c a l c u l a t e ~Z. o hi 
For s i m p l i c i t y the above r e l a t i o n s h i p i s rearranged t o g i v e 
a u n i v e r s a l curve o f (V^ /VQ ) ^ as a f u n c t i o n o f 2T/T. This curve i s -
shown i n f i g u r e (22). Values o f T are obtained from p l o t s of 
e f f i c i e n c y as a f u n c t i o n o f a p p l i e d c l e a r i n g f i e l d frequency, and 
values of V^ , are obtained from p l o t s o f e f f i c i e n c y as a f u n c t i o n of 
the magnitude o f the c l e a r i n g f i e l d . A f i t can then be made t o the 
curve by i t e r a t i o n . 
4.2 Apparatus 
A l l r e s u l t s given i n t h i s chapter were obtained using 1.8 cm 
diameter tubes, 50 cm l o n g , w i t h 1 ma t h i c k w a l l s . The tubes were 
made from S95 soda g l a s s , and f i l l e d w i t h 70% Ne, 30% He. Thin black 
polythene s l e e v i n g was used t o prevent photons from one di s c h a r g i n g 
tube causing adjacent tubes t o i g n i t e . 
The tubes were arranged i n 3 l a y e r s o f 6 tubes per l a y e r , 
the l a y e r s being separated by the el e c t r o d e s i n the standard manner. 
Cosmic rays were used as a source o f i o n i s i n g p a r t i c l e s , g i v i n g an 
event r a t e o f approximately 9/sec. T h i s could be v a r i e d by i n h i b i t i n g 
the l o g i c f o r a known amount of time a f t e r each event. 
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4.2.1 The Oven 
To i n v e s t i g a t e the v a r i a t i o n of X, w i t h temperature, the 
tubes had t o be maintained a t a constant temperature f o r long periods 
o f t i m e , w i t h a minimum temperature v a r i a t i o n over the tubes' l e n g t h . 
To f u l f i l l these c r i t e r i a an e l e c t r i c a l l y heated oven was 
c o n s t r u c t e d , and i s shown i n f i g u r e s (23) and (2.<0. Using t h i s oven, 
temperature ranges between 20°C and 110°G were o b t a i n a b l e , w i t h a 
v a r i a t i o n of l e s s than 2°C over the l e n g t h of the tube. 
The tubes were observed through a perspex window a t one end 
of the o v e n ; ; a l l r e s u l t s were recorded i n t h i s manner. Although 
f a c i l i t i e s e x i s t e d f o r d i g i t i s e d o u t p u t , d i f f i c u l t y was experienced 
due t o e l e c t r i c a l pickup i n the s c a l a r s . 
4»2.2 Logic and Pulsing Systems 
Cosmic rays were used as a source of i o n i s i n g p a r t i c l e s , the 
passage of a cosmic ray being detected by p l a s t i c s c i n t i l l a t o r s , w i t h 
an a c t i v e area o f 4 cm. x 4 cm., placed above and below the f l a s h 
tube a r r a y . The l o g i c used t o t r i g g e r the a r r a y i s shown i n f i g u r e 
(4?)., The i n h e r e n t delay o f the apparatus was approximately 250 nsec. 
This delay was increased by means o f a GG200 gate generator t o o b t a i n 
times of 1.0, 2.5 and 4.0 microsec. between the passage of the 
i o n i s i n g p a r t i c l e and the a p p l i c a t i o n of the high v o l t a g e pulse. 
A high v o l t a g e pulse of up t o 15 KV was obtained by d i s c h a r g i n 
a lOOOpF c a p a c i t o r across a 3*3 Kf3 r e s i s t o r . T his produced an, 
e x p o n e n t i a l l y decaying pulse, w i t h a decay constant of 3*3 microsec., 
and a r i s e time of approximately 50 nsec. The s w i t c h i n g a c t i o n was 
provided by a standard t r i g g e r e d a i r spark gap, as shown i n f i g u r e 
(2.6). The whole o f the pulse generating system was enclosed i n a 
llifw * * * * MmiMk 
Mm . . • • 
• i • • * ' ™ " 
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metal box t o reduce e l e c t r i c a l i n t e r f e r e n c e . 
4.2.3 Generation of Square Wave Cle a r i n g F i e l d 
For the purpose o f t h i s experiment i t was necessary t o 
generate a square wave f i e l d of v a r i a b l e magnitude (0 V t o 50 V ) , 
v a r i a b l e frequency (0 t o 100 Hz), w i t h a f a s t r i s e time. 
This was achieved using the c i r c u i t shown i n f i g u r e ( 2 7 ) . 
An i n t e g r a t e d c i r c u i t t i m e r provided a p o s i t i v e going pulse o f p e r i o d 
10 microsec. t o 1 hour, and magnitude of 4 V. This was i n v e r t e d by a 
709 o p e r a t i o n a l a m p l i f i e r , t o make i t d r i v e two s w i t c h i n g t r a n s i s t o r s , 
g i v i n g a square wave of up t o ± 50 V. 
D i f f i c u l t y was experienced due t o e l e c t r i c a l pickup f l i p p i n g 
the p o l a r i t y o f the pulse. This was overcome by screening the c i r c u i t 
i n a metal box, using a f i l t e r e d mains power supply, and use o f a' 
"low pass" f i l t e r on the output t o the high v o l t a g e p l a t e s , i s o l a t i n g 
i t from the high frequency r i n g i n g of the high v o l t a g e pulse. 
4.3 V a r i a t i o n o f T w i t h Temperature 
Using the apparatus described above, graphs o f e f f i c i e n c y 
as a f u n c t i o n of a p p l i e d c l e a r i n g f i e l d v o l t a g e and frequency were 
obtained f o r a range of temperatures between 20°C and 100°C. These 
are shown i n f i g u r e s (28) t o ("35). 
Using the method described i n s e c t i o n 4.1, values c f X. 
were obtained f o r each temperature. The f i t obtained using these 
values of "C , t o the graph of (Vg/V^) 7 as a f u n c t i o n o f 2T/T i s 
shown i n f i g u r e (•*!). 
Assuming a value of 5 pF f o r the caps.citance o f the f l a s h 
tubes ( 2 ) , and using the r e l a t i o n s h i p 
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Table 1 
Temperature (°C) . ~C (sec.) R03) 
20 0.18 3.6 x 1 0 1 0 
ZfO lO.Jfl 2.0.8 x 1 0 1 2 
60 0.88 1.76 x 1 0 1 1 
80 0.34 6.8 x 1 0 1 0 
100 0.075 1.56 x 1 0 1 0 
Table 2 
Surface Treatment* X (sec.) H ( / l ) 
1 Not o b t a i n a b l e Not o b t a i n a b l e 
2 0.013 2.7 x 10 9 
3 0.15 3.1 x 10 9 
See page ^8 f o r d e f i n i t i o n . 
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• "C = RC 
values o f R, the r e s i s t i v i t y o f the glass may be found. These are 
shown i n t a b l e ( 1 ) , w i t h t h e i r corresponding values o f temperature 
and T . 
Figure (36) shows volume r e s i s t a n c e as a f u n c t i o n o f 1/T, 
obtained by d i r e c t measurement by Breare f o r S95 soda glass (3 ) . I t 
can be seen t h a t f o r temperatures o f kO°C and above, a good agreement 
i s achieved. The s l i g h t discrepancy i s p o s s i b l y due e i t h e r t o the use 
of an i n c o r r e c t value f o r the capacitance o f these p a r t i c u l a r tubes, 
or t o the f a c t t h a t i t i s p o s s i b l e t o o b t a i n discrepancies o f up t o 
2% i n the r e s i s t a n c e o f d i f f e r e n t samples of S95 soda glass (4 ). 
The values obtained f o r ~C a t 20°C showed a much g r e a t e r 
spread than f o r those above kO°C, and were up t o 2 orders o f 
magnitude below the value obtained by Breare. 
4«lf V a r i a t i o n o f X" w i t h Surface- Contamination 
To i n v e s t i g a t e t h i s e f f e c t , the outer surfaces of the tubes 
were subjected t o v a r y i n g degrees of contamination. I t i s d i f f i c u l t 
t o measure, or c o n t r o l the exact amount of contamination o f the tubes 
during experimental observations. Even i n the sealed environment o f 
the oven, the e f f e c t o f water vapour condensing onto the p r e v i o u s l y 
"clean" surfaces of the tubes, can be seen as the e f f i c i e n c y s t e a d i l y 
r i s e s over periods o f a few hours. 
The tubes were contaminated i n the f o l l o w i n g way; 
1) Heated t o 100°C f o r 36 hours, i n a sealed oven c o n t a i n i n g 
s i l i c a g e l t o remove water vapour from the a i r . 
• 2) Placed i n a steam f i l l e d enclosure f o r 4 hours, then 
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l e f t i n a damp atmosphere f o r 12 hours, such t h a t water was constantly-
condensing onto the surfaces. 
3) Heated t o 90°C f o r 8 hours t o remove the excess water 
vapour from the previous treatment. 
The r e s u l t s of these 3 surface treatments are shown i n 
t a b l e ( 2 ) . I f process 1 removed a l l the water vapour, then a t 20°C, 
X should be approximately 25 sec. and the charges should back o f f 
the a p p l i e d f i e l d a t a frequency o f about 0.15 c/sec. However i t was 
not p o s s i b l e t o o b t a i n a r e l a t i o n s h i p between a p p l i e d c l e a r i n g f i e l d 
frequency, and the e f f i c i e n c y , the experimental p o i n t s appearing t o 
be randomly d i s t r i b u t e d between e f f i c i e n c i e s of 20% and 1+0% f o r 
frequencies between 0.0k and 10 Hz. No e x p l a n a t i o n f o r t h i s f a i l u r e 
has yet been found. 
Process 2 produced very low values of ~C and R, which i s 
c o n s i s t e n t w i t h the f a c t t h a t the surfaces contained l a r g e arr.ounts 
o f water vapour. 
Process 3 produced a value of S an order of magnitude 
hi g h e r , as expected, since a l a r g e p r o p o r t i o n of the water had been 
d r i v e n o f f . 
if.5 Discussion of Results 
I t can be seen from f i g u r e (36) t h a t for. temperatures of 
40°C and above, the values of R, obtained from T , f o l l o w c l o s e l y 
the volume r e s i s t a n c e curves obtained by Breare. I t should not be 
concluded from t h i s t h a t the f i e l d s decay by conduction through the 
volume of the g l a s s , since f o r clean g l a s s , the volume r e s i s t a n c e 
and surface r e s i s t a n c e are almost equal. Also, very l i t t l e e l e c t r o n 
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conduction takes place i n the volume o f the g l a s s , conduction 
c o n s i s t i n g mostly o f a d r i f t o f the sodium ions through the glass 
s t r u c t u r e ( 5 ) . Therefore i t seems reasonable t o conclude t h a t the 
f i e l d s decay by movement of charge over the glass surface. 
Since the charges are deposited on the i n n e r surface o f the 
f l a s h tube, i t would be expected t h a t only the c o n d u c t i v i t y o f t h i s 
surface i s o f importance. Also, since the f l a s h tube i s sealed, the 
amount o f contaminants a v a i l a b l e t o be deposited on the i n n e r surface 
i s f i x e d , and i t would be expected, t h e r e f o r e , t h a t the values o f Z 
obtained a f t e r heating the tubes, and a l l o w i n g them t o c o o l , would 
be always approximately the same. 
However, i t has been shown t h a t the value o f X depends on 
the degree o f contamination o f the outer s u r f a c e , as was i n d i c a t e d 
by the r e s u l t s o f Crouch ( 6 ) . Since ~C was determined by observation 
o f the e f f i c i e n c y , which i n t u r n i s i n f l u e n c e d by the magnitude o f 
the c l e a r i n g f i e l d , the r e s u l t s i n d i c a t e the presence of an a d d i t i o n a l 
f i e l d , opposing t h a t due t o the charges deposited on the i n n e r w a l l s . 
T his a d d i t i o n a l f i e l d , whose magnitude i s dependent on the r e s i s t i v i t y 
o f the outer surface, must be due t o charges r e s i d i n g on the outer 
surface of the f l a s h tube. 
4.6 Suggestions f o r Further I n v e s t i g a t i o n 
I n v e s t i g a t i o n o f the e f f e c t s o f outer surface contamination 
would be g r e a t l y s i m p l i f i e d i f a way could be found o f c o n t r o l i n g the 
amount o f contamination on the surface. The use o f water vapour 
r e q u i r e s a c a r e f u l c o n t r o l o f l o c a l atmospheric c o n d i t i o n s and i s 
t h e r e f o r e i m p r a c t i c a l . A conducting substance i n a s o l u t i o n o f 
v a r y i n g c o n c e n t r a t i o n painted on the outer surface i s one p o s s i b i l i t y . 
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I f t h i s conducting l a y e r were opaque, i t would a l s o serve as a means 
of screening the tubes from the e f f e c t s of an adjacent tube 
d i s c h a r g i n g . 
7 8 
With a surface r e s i s t a n c e o f 10 t o 10 Li , very l i t t l e 
v a r i a t i o n o f Z w i t h temperature should be found, assuming t h a t the 
conducting l a y e r i s u n a f f e c t e d by temperature. 
The dependence of e f f i c i e n c y on pulse l e n g t h , magnitude 
and r e p e t i t i o n r a t e should a l s o change, as w i l l the s e n s i t i v e and 
recovery times. I t i s expected t h a t the tubes w i l l have c h a r a c t e r i s t i c 
s i m i l a r t o those p r e d i c t e d by L l o y d , who considered d i f f u s i o n as the 
only means by which the primary e l e c t r o n s could be l o s t from the gas. 
I t w i l l a l s o be necessary t o i n v e s t i g a t e the degree t o which 
the conducting l a y e r screens the gas from the a p p l i e d h i g h v o l t a g e 
f i e l d , and a lower l i m i t found f o r the surface r e s i s t a n c e , beyond 
which e f f i c i e n t o p e r a t i o n o f the tubes would r e q u i r e an i m p r a c t i c a l l y 
h i gh v o l t a g e . 
Assuming t h a t the r e s u l t s o f these t e s t s show t h a t 
decreasing the outer surface r e s i s t a n c e o f the tubes, has no 
d e t r i m e n t a l e f f e c t s on the tubes' c h a r a c t e r i s t i c s , i t should then be 
po s s i b l e t o operate f l a s h tubes at the high r a t e s found i n a c c e l e r a t o r 
experiments, w i t h o u t the l o s s o f e f f i c i e n c y caused by i n t e r n a l 
c l e a r i n g f i e l d s . 
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C HA, FT SI? 5 
. PROBLEMS ARISING FROM THE OPERATION OF A FLASH TUBS 
CHAMBER IN THE DARES5URY LABORATORY e+ TEST BEAM 
The problems discussed i n t h i s chapter are those which 
arose wh i l s t , i n v e s t i g a t i n g the performance o f a f l a s h tube chamber 
i n the Daresbury Laboratory e + t e s t beam. The purpose o f these 
i n v e s t i g a t i o n s was t o determine the f e a s i b i l i t y o f using f l a s h tubes 
as a d e t e c t o r f o r high energy gamma rays. The use of high energy 
p o s i t r o n s t o simulate photon induced showers o f the same energy i s 
j u s t i f i e d by t h e o r e t i c a l (1) and experimental (2) r e s u l t s which show 
on l y small d i f f e r e n c e s between photon and e l e c t r o n induced showers. 
The research i s being conducted by workers a t Durham (3j k) 
who have found t h a t the degree of s p a t i a l and energy r e s o l u t i o n 
o b t a i n a b l e w i t h the f l a s h tube chamber, make i t h i g h l y c o m p e t i t i v e 
w i t h other forms o f gamma ray d e t e c t o r . 
5.1 Detection o f Gamma Rays. 
A photon may be detected by re c o r d i n g the i n t e r a c t i o n 
products produced when i t passes through an absorbing medium. These 
i n t e r a c t i o n products w i l l c o n s i s t p r i n c i p a l l y of e l e c t r o n s , p o s i t r o n s 
and secondary photons, produced by- the p h o t o e l e c t r i c e f f e c t , Compton 
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e f f e c t and p a i r p r o d u c t i o n , depending on the energy of the i n c i d e n t 
photon. These th r e e i n t e r a c t i o n s , and the energy range i n which they 
predominate are shown below. 
P h o t o e l e c t r i c ^ + A A - * " + e~ 0.01 MeV t o 0.5 MeV 
Compton X+ e ~ - ? y + e" 0.1 MeV t o 10.0 MeV 
P a i r Production ft* A -5>A + er + e" 1.02 MeV and higher 
To determine the energy of a photon i t i s r e q u i r e d t h a t the 
photon and i t s i n t e r a c t i o n products are t o t a l l y absorbed w i t h i n the 
s e n s i t i v e volume of the d e t e c t o r . For energies below 1 MeV, semi-
conductor S i and Ge d e t e c t o r s are used ( 5 f 6 ) . Photons of energy 
between 1 MeV and 100 MeV are detected using i n o r g a n i c c r y s t a l 
s c i n t i l l a t o r s ( 7, 3 ) . However, beyond these energies the i n t e r a c t i o n 
products of photons are no longer p h y s i c a l l y contained w i t h i n the 
s e n s i t i v e volume of the d e t e c t o r , which t h e r e f o r e ceases t o provide 
a measure of the t o t a l energy of the i n c i d e n t photon. To record the 
energy o f photons above 100 MeV r e q u i r e s much g r e a t e r amounts of 
absorbing m a t e r i a l than can p r a c t i c a l l y be provided by the above 
mentioned d e t e c t o r s . 
Above a c e r t a i n energy, the i n t e r a c t i o n products o f the 
i n i t i a l photon may be s u f f i c i e n t l y energetic t o produce f u r t h e r 
i n t e r a c t i o n s , developing i n t o a shower. This m u l t i p l i c a t i o n process 
continues u n t i l the energy of the f i n a l i n t e r a c t i o n products f a l l s 
below a c e r t a i n t h r e s h o l d l e v e l , beyond which no f u r t h e r 
m u l t i p l i c a t i o n can occur, and the shower ceases. 
Beyond 10 MeV p a i r p r o d u c t i o n i s the dominant i n t e r a c t i o n 
process, and i t has been shown t h a t the t o t a l number of e l e c t r o n s 
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produced i n a photon induced shower i s proportional to the energy of 
the i n i t i a l photon ( 1 , 9, 10). Most gamma ray detectors beyond the 
energy range of the inorganic c r y s t a l s c i n t i l l a t o r make use of t h i s 
r e l a t i o n s h i p , by being sensitive to the number of electrons produced 
i n the shower. These detectors have tv/o common forms: 
1) Composite constructions of electron sensitive detectors 
sandwiched between layers of absorbing material. The shower i s then 
sampled i n depth, and the outputs of the i n d i v i d u a l detectors are 
summed to give a measure of the energy of the incident photon. 
• The electron sensitive detecting elements may consist of 
s t r i p s of p l a s t i c s c i n t i l l a t o r (11, 12, 13» or a Cerenkov type 
material such as l u c i t e (11, 15)* A l t e r n a t i v e l y , spark chambers may be 
used as the detecting elements. Detectors of t h i s form have an 
addi t i o n a l advantage, not only do they give a measure of the energy of 
the incident photon, but study of the shower shape w i l l provide some 
sp a t i a l information about the o r i g i n a l photon. I t i s i n t o t h i s 
category that the composite flash tube detector f a l l s . 
2) Homogeneous devices, such as the lead glass Cerenkov 
counter (16, 17, 18, 19), which i n e f f e c t continuously samples the 
shower developed i n a block of PbF2» by means of a photomultiplier 
tube attached to one end of the lead glass block. A crude degree of 
sp a t i a l resolution i s achieved by constructing a matrix of such blocks, 
each with i t s own photomultipiier tube. 
Figure (37) shows a comparison of the energy resolution 
(FWHM) of the above mentioned devices, as a function of the incident 
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photon energy. Also shown are the l a t e s t values of energy resolution 
obtained using the composite flash tube chamber ik), which i s seen to 
l i e between the best resolving composite spark chamber, and the 
poorest resolving Cerenkov/scintillator devices. 
As a device which o f f e r s some degree of s p a t i a l resolution, 
as well as energy res o l u t i o n , the composite flash tube detector, 
although i n an early stage of development, i s generally superior to 
the composite spark chamber type of detector. 
5.2 A Gamma Ray Detector U t i l i s i n g Flash Tubes 
The following i s a b r i e f description of the prototype of a 
gamma ray detector currently being developed at Durham. 
The detector was of the t o t a l absorption type, consisting 
of 8 flash tube modules, to sample the shower, interspaced with sheets 
of lead. Each module consisted of 2 orthogonal planes of 8 tubes per 
plane, providing X, Y coordinates of the shower pos i t i o n . The two 
planes of each module v/ere separated by a common high voltage electrode, 
and contained between two earth electrodes. A space was provided 
between each module f o r the i n s e r t i o n of up to 2 r a d i a t i o n lengths of 
lead. 
A t o t a l of 128 tubes were employed in. the chamber. The tubes 
were constructed of S95 soda glass, 1.6 cm. i n t e r n a l diameter, 50 cm. 
long, with 0.1 cm. t h i c k walls, and were f i l l e d with 70% Ne, 30% He 
+ 1% CH^  at 600 t b r r pressure. With the application of a 30 V/cm. 
alt e r n a t i n g clearing f i e l d , the tubes were found to have sensitive and 
recovery times of 1.0 microsec. and 7 msec, respectively. The tubes 
were sleeved i n t h i n PVC tubing to prevent, photons from one discharging 
tube causing adjacent tubes to flash. 
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The ends of the tubes were seated i n an aluminium base block, 
which held the d i g i t i s a t i o n probes, consisting of a 6EA brass screw 
and a 2.2 K i 2 r e s i s t o r , against the face of the tubes. The outputs of 
the d i g i t i s a t i o n probes were fed d i r e c t l y i n t o eight 16 b i t CAKAC 
pattern u n i t s , v/here they were stored, u n t i l being read by a PDP 11 
computer. The data was output i n the form of paper tape. 
The readout was very susceptible to e l e c t r i c a l pickup from 
the high voltage pulsing system, and required that the chamber and 
pulsing system be completely enclosed i n an aluminium case. 
An event was recorded by a coincidence between suitably 
placed s c i n t i l l a t i o n counters. This i n turn was used to f i r e a 
t r i g g e r t r o n spark gap (20) by means of which a high voltage pulse was 
applied to the electrodes. This pulse was formed by discharging a 
6,000 pF capacitor across a 330H r e s i s t o r , producing a f i e l d of 
6 KV/cm., with a decay time of 2.0 microsec. 
5.3 Problems Associated with the Energy Resolution of the Chamber 
The energy of the incident photon i s characterised by the 
number of flash tube i g n i t i o n s , however, t h i s does not give a d i r e c t 
measure of the energy, and i t w i l l vary from one detector to another, 
according to the geometry of the detector. Therefore i t i s necessary 
fo r a l l detectors used i n shower sampling to be c a l l i b r a t e d i n a beam 
of known energy. 
Figure (38) shows the mean t o t a l of tubes i g n i t i n g as a 
function of the incident positron energy. I t can be seen that above 
1 GeV the curve departs from the l i n e a r relationship-one expects from 
theory. There are two main factors contributing to t h i s : 
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1) The shower i s not contained inside the detector, but 
leaks out of the sides and rear of the chamber. Leakage from the rear 
of the chamber i s p a r t i c u l a r l y high i n cases of high incident p a r t i c l e 
energy and small quantities of absorber. This i s i l l u s t r a t e d by 
figure (3*}) where with only one r a d i a t i o n length of lead between the 
modules, a s i g n i f i c a n t proportion of the shower escapes from the rear 
of the chamber at high energies. Corrections for t h i s loss can be 
made by- i n t e g r a t i n g the two r a d i a t i o n length curve over Ik r a d i a t i o n 
lengths, producing a curve which i s more l i n e a r , and i n better 
agreement with the Monte Carlo predictions for the number of electrons 
produced. 
2) As the energy of the incident positron increases, so does 
the density of the shower i t produces; t h i s i s i l l u s t r a t e d i n figure 
(4^).. With the large diameter tubes used i n the prototype module a 
poor s e n s i t i v i t y to i n d i v i d u a l electrons i s to be expected. This i s 
i l l u s t r a t e d i n table 1, which compares the predicted number of 
electrons i n a shower with the number of tubes which flashed. 
The electron s e n s i t i v i t y may- be improved by increasing the 
distance between the absorbers. This would necessitate a longer 
chamber, but would also help to reduce the leakage from the sides and 
rear of the chamber. Further increase i n electron s e n s i t i v i t y may be 
achieved by using smaller diameter tubes with thinner walls. However, 
a p r a c t i c a l l i m i t i s soon reached, since smaller diameter tubes 
require higher gas pressures, which, i f the tube i s to be s u f f i c i e n t l y 
robust, requires that the wall thickness be increased, eventually 
becoming comparable to the i n t e r n a l diameter of the tube. This r e s u l t s 
i n large i n s e n s i t i v e volumes and a reduction i n the layer e f f i c i e n c y 
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of the module. 
Further improvement i n resolution may be obtained by 
sampling the shower i n several d i f f e r e n t projections. This i s achieved 
by increasing the number of sampling planes a f t e r each layer of 
absorber, thus making the t o t a l number of detected electrons less 
susceptible to fluc t u a t i o n s i n the s p a t i a l structure of the shower. 
Figure (38) shows a t h i r d resolution curve, which was obtained by 
using only one layer of flash tubes a f t e r each layer of absorber. I t 
can be seen that the use of two orthogonal layers gives a 30% increase 
i n energy resolution. 
Since, from figure (40, the mean number of electrons at any 
target thickness i s small, large f l u c t u a t i o n s i n the number of 
detected electrons can be expected, r e s u l t i n g i n poor resolution. This 
s i t u a t i o n can be improved by sampling the shower more frequently, i e . 
by decreasing the absorber thickness and increasing the number of 
detecting modules. 
The resolutions achieved using the prototype chamber are 
shown i n figure (42). The energy resolution i s defined as the f u l l 
width of the frequency d i s t r i b u t i o n s of the t o t a l number of tube 
i g n i t i o n s , at h a l f maximum. From t h i s d e f i n i t i o n , and from t h e o r e t i c a l 
considerations, the resolution should improve as l/y/~E? I t can be seen 
that up to about 1 GeV, t h i s r e l a t i o n s h i p holds, resolutions of 36% 
and 4675 being achieved for 1.0 and 2.0 r a d i a t i o n lengths of lead 
respectively at 1 GeV. Eeyond 1 GeV, errors are introduced by shower 
leakage from the sensitive volume of the detector, and the 
i n s e n s i t i v i t y of the tubes to i n d i v i d u a l electrons. 
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5.4 Problems Associated with the Spatial Resolution of the Chamber 
The s p a t i a l resolution, of a gamma ray detector i s a 
d i f f i c u l t quantity to measure, since i t depends very much on the 
methods used to analyse the data. In the case of the fla s h tube 
detector, the method used was to determine the centre of gra v i t y of 
the shower i n each detecting module, and f i t a s t r a i g h t l i n e to the 
points obtained (21). However, electrons produced at large l a t e r a l and 
lo n g i t u d i n a l distances are subject to greater f l u c t u a t i o n s than those 
produced near the core of the shower, and must be weighted such that 
t h e i r contribution leads to small errors i n the determination of the 
shower axis. 
The l a t e r a l weighting factor was obtained by assuming that 
the d i s t r i b u t i o n of shower p a r t i c l e s i n a p a r t i c u l a r module may be 
represented by a function of Gaussian form, from which a weighting 
factor f o r each of the shower defining tubes could be obtained. 
The l o n g i t u d i n a l weighting factor was obtained by 
determining the standard deviation {Or) of the d i s t r i b u t i o n of 
fluct u a t i o n s of the calculated shower centres f o r each module, about 
the r e a l centre..The real centre i s defined by the tube which i g n i t e s 
i n the f i r s t module ( i n d i c a t i n g the point of entry of the incident 
positron) and the fact that the incident bears v/as p a r a l l e l to better 
than -Q.k°. This provided a weighting factor (1/tT ) f o r each module, 
which was then used.in the least squares f i t of the shower centres of 
each module. 
From analysing the data i n the above manner, and expressing 
the resolution as the width of the d i s t r i b u t i o n which contains 7&;£ of 
the data. The apex and angular deviations obtained are shown i n table 
I I . .This gives a s p a t i a l resolution of between 1.0 and 3.0 cm., and 
TABLE I 
Comparison of predicted number of electrons i n a shower, with the 
number of tubes which flash. 
Energy 
(GeV) 
Target Thickness 
(Radiation lengths) 
expected No. 
of Electrons 
Number of 
F.T. I g n i t i o n s 
S e n s i t i v i t y 
(%) 
0.5 1.0 16.7 9.7 58.1 
0.5 2.0 10.0 6.4 63.9 
1.0 1.0 31. 4 13.4 42.8 
1.0 2.0 20.2 9.8 48.7 
TABLE I I 
Percentage of data l y i n g between given l i m i t s obtained at a range 
energies using a weighted i t e r a t i v e f i t . 
Energy (GeV) % of Data Lying Between Fixed Limits 
Apex Deviation ' 
(cm) 
Angle 
(degree) 
2 r a d i a t i o n leng J 
0 . 5 
1 . 0 
2 . 0 
3 . 0 
:hs of lead target 
± 0 . 5 ± 1 . 5 
4 4 . 4 7 3 . 4 
4 9 . 8 7 7 . 6 
5 4 . 2 7 8 . 0 
5 5 . 7 76.6 
1 1 . 5 ± 2 . 5 
3 5 . 7 4 4 . 1 
3 1 . 6 5 5 . 0 
3 6 . 8 6 2 . 2 
4 3 . 0 6 3 . 6 
1 r a d i a t i o n len'gt 
0 . 5 
1 . 0 
2 . 0 
3 . 0 
;h of lead target 
5 8 . 3 7 9 . 7 
4 8 . 0 8 5 . 2 
6 3 . 6 3 4 . 5 
6 1 . 2 8 2 . 3 
4 0 . 1 5 4 . 3 
3 7 . 7 6 9 . 4 
4 9 . 9 8 2 . 1 
5 C 5 75.3 
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an angular resolution of approximately 5%. However, since the location 
of the incident p a r t i c l e i s known from the f i r s t module, to £ a tube 
diameter, (0.8 era.), which l i e s inside the resolution range, i t i s 
expected that the s p a t i a l resolution i s better than 1.6 cm. 
Figure (4^) compares the above r e s u l t s with those obtained 
by other workers, using comparable devices such as spark chambers as 
the detecting elements. I t can be seen that the s p a t i a l resolution 
i s comparable to that obtained using the best spark chambers of the 
current l i m i t e d type (22). I t i s clear from the above r e s u l t s that 
great improvement i n s p a t i a l resolution w i l l r e s u lt from using 
smaller diameter tubes. 
5 . 5 An Improved Gamma Ray Detector 
Having defined the c r i t e r i a necessary f o r good energy and 
s p a t i a l resolutions, an improved detector was constructed (**). The 
improvements to the chamber design can be summarised as:-
1 ) Increasing the number of modules, thereby increasing the 
sampling frequency, and enabling the amount of target material between 
the modules to be reduced fwithout increasing the l i k e l i h o o d of the 
shower escaping from the chamber. 
2) Increasing the o v e r a l l chamber dimensions, thus reducing 
l a t e r a l and l o n g i t u d i n a l shower leakage. 
3) Decreasing the tube diameter and wall thickness, thereby 
increasing the s e n s i t i v i t y to i n d i v i d u a l electrons. 
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The basic design features of the detector were changed very 
l i t t l e . The number of modules was increased to 12, each module 
containing 2 orthogonal planes of 32 tubes, making a t o t a l of 763 
tubes. The tubes Were made from low resistance Jena 163 glass, 50 cm. 
long, 8.2 mm. i n t e r n a l diameter, with 0.5 mni. t h i c k walls. The tubes 
were f i l l e d with 70% Ne, J>0% He + 2.% CH^ at 2.3 atmospheres pressure. 
The mean i n t e r n a l e f f i c i e n c y of the tubes was 98%, the recovery and 
sensitive times, 0.6 ms. and 1.4 microsec. respectively. This should 
allow r e p e t i t i o n rates of 1 KHz, however, the upper l i m i t i s l i k e l y 
to be dictated by the induced clearing f i e l d s . 
The data a q u i s i t i o n programme was improved by i n t e r f a c i n g 
the PDP 11 with the Daresbury Laboratory IBM 370, allowing data to be 
stored d i r e c t l y onto disc, and l a t e r transfered to magnetic tape f or 
analysis. The increased number of tubes meant that the data could not 
be d i r e c t l y fed i n t o the PDP 11. The outputs from the d i g i t i s a t i o n 
probes was used to set latches. The states of these latches a f t e r 
each event was read i n t o 3 CAMAC input reg i s t e r s and the latches 
reset. The data was then processed by the on-line computer. An 
improved high voltage pulsing system, using a ceramic thyratron was 
developed, which enabled the chamber to be pulsed at a higher 
r e p e t i t i o n rate. 
The i n i t i a l programme of work was to repeat the previous 
investigations, and to compare the performances of the two detectors. 
These r e s u l t s are summarised i n tables I I I and IV. 
From these two tables i t can be seen that the chamber i s 
capable of giving an average energy resolution of kk% FV/HK and a 
spa t i a l resolution of about 8 mm. over the energy range 0.5 GeV to 
2.5 GeV. The improvement i n the s p a t i a l resolution i s i n agreement 
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v/ith that expected by reducing the diameter of the tubes. However the 
energy resolution shows l i t t l e improvement; t h i s i s unexpected, since 
the increased sampling of the shower, the improved i n d i v i d u a l electron 
s e n s i t i v i t y , and the reduced shower leakage, should a l l help improve 
the energy resolution. 
One explanation for t h i s poor energy resolution i s that the 
tubes at the centre of the modules, which are heavily weighted i n the 
shower analysis, had a low e f f i c i e n c y . This occurred because the high 
voltage pulse, used during the determination of the tubes' e f f i c i e n c y , 
contained a fast r i s i n g 20 KV spike. This spike ( i n i t i a l l y thought to 
be due to e l e c t r i c a l interference on the oscilloscope) caused normally 
e f f i c i e n t tubes to flash spuriously. These tubes were replaced by 
apparently normal tubes, which when operated under the correct high 
voltage conditions (no spike) were found to be i n e f f i c i e n t . 
One simple way of determining the spread of the e f f i c i e n c y 
of the tubes i s to scan the beam several times across the chamber. 
Another effect influencing the performance of the detector 
has come to l i g h t during further i n v e s t i g a t i o n of the e f f i c i e n c y of 
the tubes. I t has been found (23) that•the strength of the 
d i g i t i s a t i o n signal i s c r i t i c a l l y dependent upon the distance of the' 
flash tube wall from the high voltage electrode. This e f f e c t i s at 
present under i n v e s t i g a t i o n , but preliminary r e s u l t s have shown that 
increasing the separation between the tube wall and the high voltage 
electrode by 0.6 mm. reduced the d i g i t i s a t i o n pulse from 40 V to 
about 2 V. 
Although a measure of the d i s t r i b u t i o n of tube diameters has 
yet to be made, i t i s known that v a r i a t i o n s of 0.6 mm. are not 
uncommon. Consequently the d i g i t i s a t i o n pulses obtained from many 
TABLE I I I 
SPATIAL RESOLUTION OF CHAMBER 
Energy o f P o s i t r o n (GeV) X D i r e c t i o n Y D i r e c t i o n 
0.6 Radiation Lengths o f Lead Between each Module 
0.5 k 4 
1.0 3 3 
1.5 k 
2.0 3 3 
2.5 3 3 
3.0 4 
3.5 6 4 
1.2 Radiation Lengths o f Lead Between each Module 
0.5 11 Ik 
1.0 11 11 
1.5 11 11 
2 .0 9 9 
2 .5 9 11 
3.0 8 8 
1.8 Radiation Lengths o f Lead Between each Module 
1.0 16 
2.0 9 55 
3.0 Ik 7 
TABLE IV 
ENERGY RE30LUTI ON OF CHAMBER 
Energy o f Po s i t r o n (GeV) Resolution 
0.6 Radiation Lengths o f Lead Between each Module 
0.5 43 
1.0 46 
1.5 42 
2.0 46 
2.5 40 
3.0 44 
1.2 Radiation Lengths of ] jead Between each Module 
0.5 68 
1.0 47 
1.5 38 
2.0 39 
2.5 42 
3.0 35 
1.8 R a d i a t i o n Lengths o f Lead Between each Module 
1.0 55 
2.0 35 
3.0 28 
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tubes w i l l not be of a s u f f i c i e n t magnitude t o set the i n t e g r a t e d 
c i r c u i t l a t c h e s , r e s u l t i n g i n a l o s s of e f f i c i e n c y . 
Ways of modifying the d e t e c t o r t o a l l o w f o r the v a r i a t i o n i n 
tube diameter, ensuring a constant separation between the high voltage 
p l a t e and the tube' w a l l , are being sought. However, c l o s e r t o l e r a n c e s 
should be s p e c i f i e d f o r tubes used i n f u t u r e d e t e c t o r s . This i s not 
an unreasonable request i f i t i s ensured t h a t a l l t u b i n g used comes 
from the same p r o d u c t i o n batch. 
Although the chamber was operated a t a number of d i f f e r e n t 
r a t e s , i n view of the problems discussed above, the r e s u l t s should not 
be considered as c o n c l u s i v e . I t was found t h a t a t an event r a t e of 
50 per second, the e f f i c i e n c y dropped by between 10% and l i f % , which 
may be a r e s u l t o f induced i n t e r n a l c l e a r i n g f i e l d s . T h i s w i l l be 
i n v e s t i g a t e d d u r i n g f u t u r e t e s t s . 
5.6 Conclusions 
Tests c a r r i e d out w i t h the p r o t o t y p e chamber have shown t h a t 
a d e t e c t o r c o n s i s t i n g of f l a s h tube d e t e c t i n g elements, i n t e r s p e r s e d 
w i t h lead absorber, o f f e r s a degree of s p a t i a l and energy r e s o l u t i o n , 
comparable t o t h a t achieved w i t h the best c u r r e n t l i m i t e d spark 
chamber-lead absorber type of d e t e c t o r . The performance o f the 
d e t e c t o r depends p r i n c i p a l l y on i t s a b i l i t y t o c o n t a i n the e l e c t r o n 
shower, and on the i n d i v i d u a l e l e c t r o n s e n s i t i v i t y of the f l a s h tubes. 
An improved d e t e c t o r was b u i l t , s a t i s f y i n g more f u l l y the 
above c r i t e r i a . The performance of t h i s d e t e c t o r f e l l s hort o f t h a t 
expected, due t o e r r o r s i n determining the e f f i c i e n c y of the tubes, 
and t o an unforeseen e f f e c t a r i s i n g i n the d i g i t i s a t i o n system. The 
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problems are now understood and are being r e c t i f i e d . Future t e s t s w i l l 
provide a more r e l i a b l e measure of the d e t e c t o r ' s performance. 
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CHAPTER 6 
CONCLUSIONS. 
The f l a s h tube, which was among the f i r s t o f the c u r r e n t 
generation of d e t e c t o r s t o be developed, has played a s i g n i f i c a n t 
r o l e i n the f i e l d o f cosmic ray physics. The f l a s h tube has many 
commendable f e a t u r e s . I t i s simple and robust, a l l o w i n g l a r g e 
s e n s i t i v e volumes t o be obtained w i t h o u t undue cost. Because of i t s 
elemental c o n s t r u c t i o n a f l a s h tube a r r a y has a high c i u l t i t r a c k 
e f f i c i e n c y , and also a l l o w s the geometry o f a d e t e c t o r t o be r e a d i l y 
modified t o adapt t o the changing requirements o f an experiment. A 
simple method o f d i g i t i s i n g the outputs has been developed, which 
does not r e q u i r e any a m p l i f i e r s or s o p h i s t i c a t e d e l e c t r o n i c s t o 
i n t e r f a c e i t w i t h the conventional computerised data a q u i s i t i o n 
systems c u r r e n t l y i n use. 
However, the f l a s h tube had th r e e c h a r a c t e r i s t i c s which 
h i t h e r t o has prevented i t s use on a c c e l e r a t o r counter experiments, 
namely, long s e n s i t i v e and recovery times, and a l o s s of d e t e c t i n g 
e f f i c i e n c y w i t h high event r a t e s . 
Short s e n s i t i v e and recovery times are r e q u i r e d by 
a c c e l e r a t o r experiments, because o f the high background r a d i a t i o n and 
the need t o operate at high r a t e s . The recovery and s e n s i t i v e times 
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have been reduced t o a m i l l i s e c o n d or l e s s , and a few microseconds 
r e s p e c t i v e l y , by the a p p l i c a t i o n of an a l t e r n a t i n g c l e a r i n g f i e l d , and 
the a d d i t i o n o f small q u a n t i t i e s o f methane t o the gas mixt u r e . These 
times are w e l l w i t h i n the requirements o f most a c c e l e r a t o r counter 
experiments. 
The drop i n e f f i c i e n c y at high r a t e s has been shown t o be 
due t o i n t e r n a l c l e a r i n g f i e l d s , caused by charges, r e s u l t i n g from 
the discharge, adhering t o the i n s i d e w a l l s of the tube. The use of 
low r e s i s t a n c e Jena 16B glass increases the r a t e of decay o f these 
f i e l d s , a l l o w i n g an event r a t e of up t o 50 Hz, without undue l o s s o f 
e f f i c i e n c y . Experiment has shown t h a t the e f f e c t s o f these i n t e r n a l 
f i e l d s can be f u r t h e r reduced by decreasing the surface r e s i s t a n c e of 
the outer w a l l o f the tube. 
A protot y p e gamma ray d e t e c t o r has been b u i l t , using a 
composite c o n s t r u c t i o n of f l a s h tube d e t e c t i o n elements, sandwiched 
between le a d absorbers. Although t h i s d e t e c t o r was of a r e l a t i v e l y 
crude design, i t was found t o have a performance comparable t o s i m i l a r 
d e t e c t o r s using c u r r e n t l i m i t e d spark chambers as the d e t e c t i n g 
elements. An energy r e s o l u t i o n o f 36/a FV/HM and an angular r e s o l u t i o n 
o f about 4° being obtained. 
From the c r i t e r i a f o r good r e s o l u t i o n , obtained w i t h the 
prototype d e t e c t o r , an improved d e t e c t o r was c o n s t r u c t e d , using 
smaller tubes and having a l a r g e r number of d e t e c t i n g elements. The 
performance of t h i s improved d e t e c t o r f e l l short of expectations. This 
was due t o f a u l t s i n the high v o l t a g e p u l s i n g system, a f f e c t i n g 
e f f i c i e n c y measurements, and a h i t h e r t o unsuspected e f f e c t a r i s i n g i n 
the d i g i t i s a t i o n system. These problems are now understood and f u r t h e r 
t e s t s should give a t r u e i n d i c a t i o n of the d e t e c t o r ' s performance. 
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